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ABSTRAKT 
Cíle: Cílem práce bylo charakterizovat pomocí vybraných protilátek zdravou lidskou 
rohovku a rohovku od pacientů se zadní polymorfní dystrofií rohovky (ZPDR). I když je 
toto onemocnění považováno za ojedinělé, v České republice se nachází jeden z 
největších souborů pacientů s tímto postižením. To velmi dobře umožnilo sledovat 
změny na úrovni klinické, buněčné i molekulární. 
Materiál a metody: K experimentům byl použit soubor 25ti kontrolních rohovek a 
soubor rohovek od 16ti pacientů se ZPDR. Imunocyto- a imunohistochemicky byly 
detekovány epiteliální (cytokeratiny) a mezoteliální márkry (mesothelin, kalbindin 2 a 
protein HBME-1) ve všech vrstvách kontrolních rohovek. Výskyt jednotlivých márkrů 
byl potvrzen i molekulárními metodami (RT-PCR a Western blot). U rohovek se ZPDR 
byly sledovány změny v expresi cytokeratinů a ve složení extracelulární matrix 
(kolagenu IV a VIII). Pro objasnění původu abnormálních endotelových buněk u 
pacientů se ZPDR po transplantaci rohovky, které způsobují relaps onemocnění, byly 
současně použity dva metodické postupy; nepřímá fluorescenční imunohistochemie a 
fluorescenční in situ hybridizace. 
Výsledky: V rohovkách pacientů se ZPDR byly charakterizovány změny na úrovni 
exprese cytokeratinů v abnormálním endotelu (silná pozitivita pro cytokeratiny 7, 19, 8 
a 18, slabší pozitivita pro cytokeratiny 1, 3/12, 4, 5/6, 10, 10/13, 14, 16 a 17) a změny v 
lokalizaci jednotlivých řetězců kolagenů IV a VIII. I když ZPDR postihuje především zadní 
vrstvu rohovky (endotel a Descemetovu membránu), změny byly detekovány i na 
úrovni bazální membrány epitelu a zadní části stromy. Byl objasněn původ 
abnormálních buněk endotelu, které způsobují relaps onemocnění u pacientů se ZPDR. 
Tyto abnormální buňky migrují na štěp z netransplantované periferní části pacientovy 
rohovky. 
Dále bylo charakterizováno cytokeratinové spektrum v jednotlivých vrstvách 
zdravé lidské rohovky, limbu a spojivky. Za klíčový nález považuji přítomnost 
cytokeratinu 8 v bazální vrstvě epitelu limbu svědčící o významu tohoto cytokeratinu 
v procesu diferenciace buněk při obnově rohovkového epitelu. Ve zdravém endotelu 
rohovky byly detekovány márkry epitelu (cytokeratin 8 a 18) a mezotelu (mesothelin, 
kalbindin 2 a protein HBME-1). 
Závěr: Charakterizace zdravé lidské rohovky je předpokladem pro detailní určení změn, 
ke kterým dochází u patologických stavů. Rozšíření znalostí o abnormálních nálezech u 
rohovek pacientů se ZPDR může vést k zpřesnění diagnostiky a prognózy klasické léčby 
pacientů s tímto onemocněním a může být základem pro nové terapeutické postupy. 
 
Klíčová slova: rohovka; zadní polymorfní dystrofie rohovky; endotel; epitel; cytokeratin; 
kolagen 
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ABSTRACT 
Purpose: The aim of this work was to characterize the healthy human cornea and the 
cornea of patients suffering from posterior polymorphous corneal dystrophy (PPCD) 
using different antibodies. Despite the fact that PPCD is a very rare disorder, one of the 
largest groups of PPCD patients in the world comes from the Czech Republic. This 
offers us the opportunity to investigate the changes on the clinical, cellular and 
molecular levels.  
Material and Methods: A collection of 25 control corneas as well as 16 pathological 
corneas from PPCD patients were used. Epithelial (cytokeratins) and mesothelial 
markers (mesothelin, calbindin 2, HBME-1 protein) were detected in all layers of the 
healthy corneas using immunocyto- and immunohistochemistry. The expression of all 
markers was confirmed using molecular methods as well (RT-PCR and Western blot). 
Changes in the expression of cytokeratins and changes in the extracellular matrix 
structure (collagen IV and VIII) were studied in the PPCD corneas. Combined 
fluorescent immunohistochemistry with fluorescence in situ hybridization were used in 
order to characterize the origin of abnormal cells on the posterior graft surface, which 
cause the recurrence of the PPCD after penetrating keratoplasty surgery. 
Results: Changes in the cytokeratin expression (strong positivity for cytokeratins 7, 19, 
8 and 18; weaker positivity for cytokeratins 1, 3/12, 4, 5/6, 10, 10/13, 14, 16 and 17) 
and changes in the localization of individual collagen IV and VIII chains were described 
in the PPCD corneas. Although PPCD affects primarily the Descemet membrane and 
the endothelium, changes in the basal membrane of the epithelium and posterior 
stroma were also detected. The exact origin of the abnormal endothelial cells, which 
cause the recurrence of PPCD in some cases, was established. These abnormal cells 
migrate into the donor graft from the non-transplanted peripheral part of the recipient 
cornea. 
A whole spectrum of cytokeratins was described in the individual layers of the 
healthy human corneal, limbal and conjunctival epithelium. I considered a strong signal 
for cytokeratin 8 in the basal layer of the limbal epithelium to be a key finding, which 
could play a role in the differentiation processes by corneal epithelial renewal. 
Epithelial (cytokeratins 8 and 18) and mesothelial markers (mesothelin, calbindin 2 and 
HBME-1 protein) were detected in the human corneal endothelial cells.  
Conclusions: Characterization of the healthy human cornea is a prerequisite for 
characterization of pathologies. Knowledge about changes in PPCD corneas could be 
helpful for more precise diagnosis and prognosis; moreover it could be a basis for new 
therapeutical procedures. 
 
Key words: cornea; posterior polymorphous corneal dystrophy; endothelium; 
epithelium; cytokeratin; collagen 
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1 AIMS OF THE STUDY 
The main aim of my doctoral thesis was to better characterize a healthy adult 
human cornea in comparison with pathological ones. As this is a wide theme I addict 
my attention to one particular corneal disease - posterior polymorphous corneal 
dystrophy (PPCD). Despite the fact that PPCD is a very rare disorder, one of the largest 
groups of PPCD patients in the world comes from the Czech Republic. This offers us a 
great opportunity to investigate its clinical, biological, molecular and genetical aspects. 
The aims of my PhD thesis were divided into two main sections and the detailed 
structure of the partial aims of this dissertation is hence as follows: 
 
1. The characterization of healthy adult human corneas without any ocular injury or 
illness. Particular themes of interest were: 
 to determine cytokeratin and collagen expression in adult human cornea, 
limbus and conjunctiva  
 to characterize the basal cell layer of the limbus  
 to determine the phenotype of normal adult corneal endothelial cells; to 
evaluate the expression of mesothelial markers (mesothelin, calbindin 2 and 
HBME-1 protein) as well as simple epithelia markers (cytokeratins 8 and 18) in 
these cells, and to discuss their function 
 
2.  The exploitation and extension of my diploma thesis: “The characterization of the 
corneal changes of posterior polymorphous corneal dystrophy patients”. 
Particular themes of interest were: 
 to characterize the morphology of corneal endothelial cells of patients with 
PPCD and compare them with cells of normal corneal endothelium 
 to determine the spectrum of cytokeratins expressed in cells on the posterior 
surface of the cornea in PPCD patients 
 to determine the changes in presence and localization of different chains of 
collagen IV and VIII in patients with PPCD 
 to determine the origin of cells causing the recurrence of PPCD on explanted 
corneal buttons 
 
Based on these aims the results of my doctoral thesis are divided into two main 
sections. First, a healthy human cornea is characterized and then differences in 
corneas with PPCD when compared to healthy ones are showed. 
Since the vast majority of the achieved results have been published in scientific 
per-reviewed journals, I find it sufficient to present the results in the form of the 
original appended articles.   
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2 LITERAL INTRODUCTION 
 
2.1 Corneal anatomy and physiology 
The cornea is a transparent and avascular tissue which forms the outermost 
surface of the eyeball where it covers the iris, pupil and anterior chamber. Its refractive 
power is 40 to 44 diopters, which is about two-thirds of the total refractive power of 
the eye (Olsen, 1986). Transparency, together with surface smoothness, contour and 
refractive index determine the optical properties of the cornea. The curvature of the 
corneal surface is not constant due to the fact that it is approximately 0.5 mm thick at 
the center, and its thickness increases gradually toward the periphery, where it is 
about 0.7 mm thick (Mishima, 1968). The cornea is one of the most heavily innervated 
and most sensitive tissues in the body. The density of nerve endings in the cornea is 
thus about 300 to 400 times greater than that in the skin (Rozsa and Beuerman, 1982). 
The cornea is supplied with glucose by diffusion from the aqueous humor and by 
oxygen primarily via diffusion from tear fluid. Apart from its optical function the 
corneal surface also protects the internal space of the eye against the penetration of 
potentially pathological agents. 
The cornea consists of six different individual layers: the multilayered epithelium 
and its basal membrane; the Bowman layer; the corneal stroma; the Descemet 
membrane; and the corneal endothelium (Fig. 1). Epithelial and endothelial cells are 
metabolically active.  
 
Figure 1: Monolayer of flat hexagonal endothelial cells (Specular microscopy) (A), and the 
corneal section, with well visible particular corneal layers stained with Harris haematoxylin (B). 
Scale bar represents 10 μm.  
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2.1.1 Corneal epithelium  
The corneal epithelium is approximately 50 μm thick and is composed of 
nonkeratinized, stratified squamous epithelial cells. It consists of five to six layers: a 
monolayer of mitotically active columnar basal cells, two or three layers of wing cells 
and two or three layers of terminally differentiated superficial cells. The 
differentiation process requires about 7 to 14 days, when the superficial cells are 
desquamated into the tear film (Hanna et al., 1961). In the peripheral epithelium, 
specialized dendritic Langerhans cells are present, which are implicated in antigen 
processing and contribute to the immunological features of the cornea (Gillette et al., 
1982). The epithelium provides a barrier to external biological and chemical insults 
and protects the ocular surface from microbial attack (Sack et al., 2001). The 
vertebrate corneal epithelium develops from the surface ectoderm. 
2.1.2 Basement membrane of the epithelium 
The basement membrane of the epithelium (BME) is 40 to 60 nm thick 
membrane. Basal cells of the epithelium participate on its development. Type IV 
collagen and laminin, both of which are secreted by corneal epithelial cells, are major 
components of BME (Kefalides, 1971). The minor components are fibronectin, fibrin, 
collagen VII, proteoglycans and heparan sulfate (Berman et al., 1983; Timpl, 1989). 
The presence of the BME fixes the polarity of the epithelial cells, provides a matrix on 
to which cells can migrate, and plays a prominent role in epithelial wound healing and 
in cell adhesion, differentiation and regeneration (Leinonen et al., 1994). 
2.1.3 Bowman layer 
The Bowman layer is an acellular membrane-like zone between the BME and 
corneal stroma. It is 12 μm thick and consists predominantly of proteoglycans and 
collagen I and III, which are secreted by stromal keratocytes (Beuerman and Pedroza, 
1996; Marshall et al., 1991). The Bowman layer is compact and immune, but it does 
not regenerate after injury. Many mammals do not have this layer but still exhibit a 
well-organized epithelial structure, therefore its physiological role remains unclear. It 
has been previously discussed that the Bowman layer may be a visible indicator of 
ongoing stromal-epithelial interactions in humans, but may have no critical function in 
corneal physiology (Wilson and Hong, 2000).  
2.1.4 Corneal stroma 
The corneal stroma represents more than 90% of the corneal thickness. The 
physical strength, stability of shape and transparency of the cornea depend on stromal 
anatomic and biochemical properties. The stroma consists predominantly of an 
extracellular matrix: collagens and glycosaminoglycans (GAGs), keratocytes (stromal 
fibroblasts) and nerve fibers. Collagens assemble into collagen fibers, which are highly 
uniform in diameter (22.5 to 35 nm). The distance between the collagen fibers is also 
highly uniform (41.5 ± 0.5 nm). This regular arrangement (uniform diameter and 
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interfibrillar space) are less than half of the wavelength of visible light (400 to 700 nm) 
and together with a continuous slow production and degradation are major 
determinants of corneal transparency (Maurice, 1957; Scott, 1998). Collagen fibers 
constitute more than 70% of the dry weight of the cornea and form 200 – 300 lamellae 
parallel with the surface (Hamada et al., 1987). Various GAGs are presented between 
collagen fibers in the corneal stroma. Except for hyaluronan, all of them bind to core 
protein and form proteoglycans, which could modulate collagen fibrillogenesis (Iozzo, 
1998). The most abundant GAGs in the cornea are keratan sulfate, chondroitin sulfate 
and dermatan sulfate. They can absorb and retain a large amount of water and hence 
maintain corneal hydratation. 
2.1.5 Descemet membrane 
The Descemet membrane (DM) is the basement membrane (BM) of the corneal 
endothelium and is a product of these cells. DM protects the cornea from aqueous 
humor penetrating into the stroma and consequent stromal oedema. In healthy 
human cornea DM consists of two morphologically separated regions: the anterior 
banded zone (ABZ - average thickness of 3 μm) formed during intrauterine life and the 
posterior non-banded zone (PNBZ) which is synthesized after birth (thickness increases 
with age from 2 to 10 μm), (Johnson et al., 1982). The ABZ is mostly composed of wide-
spaced collagen, which is characterized by ultrastructural labeling as collagen type VIII 
and in horizontal sections forms a hexagonal lattice (Sawada, 1982). The PNBZ is a 
broad layer of amorphous extracellular matrix (Levy et al., 1996b; Sawada et al., 1990). 
Besides collagen VIII, collagen IV, laminin and fibronectin are present in DM (Ben-Zvi et 
al., 1986).  
2.1.6 Endothelium 
The endothelium is a monolayer of flat, mostly hexagonal cells which are highly 
metabolically active. They contain a large nucleus and abundant cytoplasmic 
organelles. After the birth there are approximately 4000 – 6000 endothelial cells/mm2 
(Nishida, 2005), which do not proliferate and are normally arrested in the G1-phase of 
the cell cycle (Joyce et al., 1996). Their density decreases with age (Laule et al., 1978), 
(0.6% per year). The existence of stem cells for corneal endothelium is still being 
discussed (McGowan et al., 2007). Endothelial damage is repaired by the migration and 
enlargement of the remaining endothelial cells. The most important physiological 
function of the corneal endothelium is to regulate the water content of the corneal 
stroma. Na+/K+ -dependent ATPase, Na+/H+ and HCO3
- exchangers are expressed in 
the basolateral membrane of cells and are essential for maintaining corneal 
transparency through its dehydration (Waring et al., 1982).  
According to a newly accepted concept the corneal endothelium and keratocytes 
originate from the neural crest and the lateral plate mesoderm, which together form 
the periocular mesenchyme. A broad spectrum of transcriptional factors is required for 
the appropriate differentiation of the periocular mesenchyme to keratocytes and 
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corneal endothelial cells (Cvekl and Tamm, 2004; Gage et al., 2005; Kidson et al., 1999; 
Reneker et al., 2000; Sowden, 2007).  
In accordance with the crucial participation of the neural crest in its development, 
the human corneal endothelial cells express neural cell markers such as neuron-
specific enolase, S-100 protein, neuron cell adhesion molecule and neurofilaments, 
(Foets et al., 1992a, 1992b; Hayashi et al., 1986; Shamsuddin, et.al., 1986). In addition, 
the expression of epithelial cell markers – cytokeratins (CKs) 8 and 18 – in normal 
human corneal endothelial cells has been discussed (Cockerham et al., 2002; Foets et 
al., 1990; Kasper et al., 1992). Of the mesenchymal cell markers, vimentin is present in 
human corneal endothelial cells, but this protein is observed in a number of different 
cell types of mesodermal origin, including different epithelia as well as the vascular 
endothelium, and thus cannot be considered as a protein specific only to mesothelial 
cells (Blose and Meltzer, 1981, Celis et al., 1983; Foets et al., 1990; Hayashi et al., 1986; 
Risen et al., 1987). On the other hand, the absence of markers typical to the vascular 
endothelium, such as factor VIII, vascular cell adhesion protein and platelet endothelial 
cell adhesion molecule (CD 31) in corneal endothelium clearly demonstrates that the 
term endothelium, although widely used for the posterior cells of the cornea, is a 
misnomer (Foets et al., 1992b; Shamsuddin, et.al., 1986; Scheef et al., 2007; Treseler 
et al., 1985). 
 
2.2 Mesothelial markers 
Because of the partially shared origin of mesothelial cells and human corneal 
endothelial cells, and since they occupy a similar location as do typical mesothelial cells 
in the pleura or peritoneum (the basal membrane on one side and the aqueous humor 
of the anterior chamber on the other), one may expect a sharing of some phenotypical 
markers between the two cell types due to their similar roles, at least in terms of fluid 
movement between a tissue and a cavity. In accordance with the crucial participation 
of the lateral plate mesoderm on the development of the human corneal endothelium, 
we have determined the presence and expression of three proteins typically expressed 
in the mesothelium: mesothelin, calbindin 2 and Hector Battifora mesothelial cell-1 
protein (HBME-1) in healthy human cornea, limbus and conjunctiva (Ko et al., 2001; 
Miettinen and Kovatich, 1995; Ordonez, 2003a). Besides the presence of calbindin 2 in 
mouse neurons, none of the above mentioned proteins have been described in the 
cornea up to now (Felipe et al., 1999).  
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Mesothelin: is a 40 kDa membrane-bound peptide, which is physiologically expressed 
in mesothelial cells lining the pleura, pericardium and peritoneum; moreover its 
limited immunoreactivity is manifested in the surface epithelium of the ovary, the 
tunica vaginalis, the rete testis, and the epithelia of the trachea, tonsil and Fallopian 
tube. Its biological function is not known (Chang and Pastan, 1996; Chang et al., 1992; 
Ordonez, 2003a). However, mesothelin is highly expressed in malignant 
mesotheliomas as well as in various carcinomas and adenocarcinomas; it may be 
released from cell membranes, and a soluble form has been detected in the serum of 
mesothelioma patients (Hellstrom et al., 2006; Ordonez, 2003a, 2003b).  
 
Calbindin 2 (calretinin): is a 29 kDa calcium-binding protein. Together with calbindin 1, 
calmodulin, parvalbumin, S-100 protein and troponin C, calbindin 2 is a member of the 
large troponin C superfamily (Baimbridge et al., 1992; Persechini et al., 1989). This 
protein was originally cloned from a chick retina, and it is abundantly expressed in the 
neurons of the central and peripheral nervous systems, including murine corneal 
sensory neurons (Felipe et al., 1999; Rogers, 1987; Rogers et al., 1990). Outside of 
neurons, it is typically found in mesothelial and mesothelioma cells as well as in a 
variety of other cell types (Al Moghrabi et al., 2007; Doglioni et al., 1996; Ko et al., 
2001; Marchevsky, 2008). The function of calbindin 2 is not fully understood, but it is 
thought to act as a buffer to prevent abnormal intracellular calcium increases (Rogers, 
1987; Rogers et al., 1990). Its presence protects neuronal cells against various types of 
injury (Lukas and Jones, 1994). This protein was localized by Gotzos et al. (1992) in 
both the cytoplasm and the cell nuclei in phase G1 and during mitosis in human 
adenocarcinoma cells, where it associates with the kinetochor and polar microtubules. 
This localization indicates a role in spindle microtubule stability and chromosome 
separation (Gotzos et al., 1992).  
 
HBME-1 protein: the protein to which the HBME-1 antibody reacts is still unidentified. 
The HBME-1 antibody reacts strongly to mesothelial cells, especially in the pleura and 
peritoneum. The antibody was raised against cultured mesothelioma cells, and 
because it neither immunoblots nor immunoprecipitates, the antigen has remained 
unidentified (personal communication H. Battifora in Miettinen and Kovatich, 1995). 
Due to its overexpression in various neoplastic epithelial cells, this unknown protein 
nonetheless serves as a useful marker in the differential diagnosis of epithelial 
mesothelioma on the one hand, and sarcoid mesothelioma or adenocarcinoma on the 
other (Dahlstrom et al., 2001; Miettinen and Kovatich, 1995). It is located both in the 
cytoplasm and plasmatic membrane of mesothelioma cells, where a thick brush 
pattern indicates the presence of this protein in some of the microvilli (Batifora and 
McCaughey, 1995; Miettinen and Kovatich, 1995; Ordonez, 1997). 
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2.3 Limbus 
The highly vascularized and innervated limbus constitutes the transition zone 
between the cornea and sclera. It contains a reservoir of pluripotential stem cells - 
limbal epithelial stem cells (LESCs), which together with basal cells of the corneal 
epithelium participate in the renewing of the corneal epithelium throughout life 
(Davanger and Evenson, 1971; Dua et al., 2009; Chang et al., 2008; Thoft and Friend, 
1983; Tseng, 1989). LESCs exhibit a high proliferative capacity and are located in the 
basal layer of the limbus, undergoing asymmetric self-renewal cell division, where one 
cell remains undifferentiated and stays as the stem cell while other fast-dividing 
progenitor cells, named transit amplifying cells (TACs), begin to divide and 
differentiate into the suprabasal and superficial cells of the corneal epithelium (Hall 
and Watt, 1989; Lehrer et al., 1998; Morrison et al., 1997; Schlötzer-Schrehardt and 
Kruse, 2005).  
LESCs are involved in corneal epithelial renewal which is important for 
maintenance of the integrity of the ocular surface (Davanger and Evenson, 1971; 
Tseng, 1989). Despite an enormous effort by all researchers, there is currently no 
single marker that can be used to definitively identify LESCs. The major stem cell 
associated markers in ocular or non-ocular tissues in the past decade were categorized 
into at least three groups: 1) nuclear proteins (for example transcription factor p63 or 
C/EBPδ: CCAAT enhancer binding protein delta); 2) cell membrane or transmembrane 
proteins including integrins (integrin β1, α6 etc.), receptors (Notch1) and drug 
resistance transporters (ABCG2: ATP-binding cassette sub-family G member 2); and 3) 
cytoplasmic proteins such as cytokeratins (CK19), nestin, and α-enolase. In addition, a 
variety of differentiation markers (CK3/12, E-cadherin, connexin 43, etc.) have also 
been proposed to distinguish the stem cells from differentiated cells. Moreover, 
morphological characteristics such as small cell size and a high nucleo-cytoplasmic 
ratio can be used in combination with putative stem cell markers (Budak et al., 2005; 
De Paiva et al., 2005; Chen et al., 2004; Notara et al., 2010; Schlötzer-Schrehardt and 
Kruse, 2005; Watanabe et al., 2004). 
 
2.4 Conjunctiva 
The conjunctiva is a mucous membrane consisting of a stratified non-keratinizing 
epithelium which varies in thickness and appearance from the eyelid margin to the 
limbus (Nelson and Cameron, 2005). Conjunctival epithelium contains Langerhans 
cells, melanocytes and goblet cells producing ocular mucin that constitutes the 
innermost layer of the tear film (Hogan et al., 1971). 
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2.5 Intermediate filaments  
Intermediate filaments (IFs) are intracellular cytoskeleton proteins (10 – 12 nm in 
diameter), (Fuchs and Cleveland, 1998). At least five classes of IFs are distinguishable, 
each of which is expressed in a highly specific and conservative manner (Tab. 1). 
Mesenchymal cells are characterized by the expression of vimentin (Franke et al., 
1978), muscle cells by desmin (Lazarides and Hubbard, 1976), glial cells by glial 
fibrillary acid protein (GFAP), (Bignami and Dahl, 1974), neuronal cells by a triplet of 
neurofilaments (Weber et al., 1983), and epithelial cells by cytokeratins (CKs).  
 
IF class   Expression 
I Cytokeratin type I Epithelial cells 
II Cytokeratin type II Epithelial cells 
III Vimentin Mesenchymal cells 
 Desmin Muscle cells 
 GFAP Astrocytes 
 Peripherin 
Neurons of the peripheral 
nervous system 
IV Neurofilament proteins Neurons 
 Alpha-internexin 
Neurons of the central 
nervous system 
 Nestin Neuroepitehlial stem cells 
V Lamins Nuclear lamina 
Table 1: Classes of intermediate filaments (according to Pitz and Moll, 2002). 
 
2.5.1 Cytokeratins  
CKs are the typical IF proteins of epithelia, expressed in a tissue-specific and 
differentiation-dependent manner. Previously, CKs were divided into two subfamilies 
according to their electrophoretic migration properties: type I (“acidic”) and type II 
(“neutral to basic”), (Moll et al., 1982). Recently, the “Keratin Nomenclature 
Committee” established the novel consensus nomenclature for mammalian 
cytokeratin genes and proteins, where hair CKs and special epithelial CKs designations 
were implemented: 
a) the type I cytokeratins: CK9-CK10, CK12-CK28 and CK31-CK40  
b) the type II cytokeratins: CK1-CK8 and CK71-CK86 (Schweizer et al., 2006).  
 
Each one of the CKs is a product of a distinct gene (Upasani et al., 2004). In humans 
54 functional genes exist and they are clustered at two different chromosomal sites: 
chromosome 17q21.2 (type I cytokeratins, except CK18) and chromosome 12q13.13 
(type II cytokeratins including CK18), (Hesse et al., 2004; Rogers et al., 2005). Since CKs 
belong to the family of IFs they share common protein-structural characteristics. They 
contain a central rod domain of ~310 amino acids with α-helical conformation flanked 
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by non-helical globular head and tail domains of variable length (Parry et al., 2007). 
The protein products of this gene family all form alpha-helical coiled-coil dimmers that 
can rapidly assemble into 10 nm wide filaments without the need for any cofactors or 
associated proteins. CKs always consist of equimolar amounts of type I proteins and 
type II proteins (Steinert, 1990). 
CKs are very stable, relatively resistant to degradation and very antigenic (Morgan 
et al., 1987). Their function is not only to keep a cell’s shape and to save the cell from  
mechanical stress (Oshima et al., 1996), but they also play a role in differentiation or 
the functional specialization state, and protection from apoptosis, stress and injury 
(Caulin et al., 2000; Zatloukal et al., 2000). Typically, cytokeratin filaments insert upon 
desmosomes and hemidesmosomes. Thus, they contribute to stability between 
epithelial cells themselves, but also to the basement membrane attachment and to the 
connective tissue compartment of a given epithelium (Moll et al., 2008). They play a 
role in the intracellular transduction of signals and malignant transformation (Oshima 
et al., 1996; Traub et al., 1994). Some CKs (CKs 5, 7, 8/18, 19 and 20) exhibit 
characteristic expression patterns in human tumors; therefore, they are of major 
importance in the immunohistochemical diagnosis of carcinomas (Moll et al., 2008).  
Moreover, mutations in the distinct CK genes cause a lot of human autosomal-
dominant familial diseases. In the hereditary blistering skin disease epidermolysis 
bullosa simplex, a spectrum of point mutations of CK5 and CK14 were detected 
(Coulombe et al., 1991; Lane et al., 1992). In Meesmann’s corneal dystrophy, 
mutations in CK3 and CK12 cause intraepithelial microcysts in the corneal epithelium 
(Irvine et al., 1997). Other hereditary disorders are pachyonychia congenital type I 
(Jadassohn-Lewandowsky form) and pachyonychia congenital type II (Jackson-Lawler 
form) where mutations in genes for CK6, CK16 or CK17, respectively were described 
(Bowden et al., 1995; McLean et al., 1995). Mutations in CK1 and CK10 cause the 
blistering disorder bullous congenital ichthyosiform erythroderma and mutations in 
CK4 and CK13 are associated with white sponge nevus (Chipev et al., 1992; McLean et 
al., 1994; Richard et al., 1995; Rothnagel et al., 1992; Rugg et al., 1995). No mutations 
of the human CK19, CK7, CK20 and CK15 genes causing a disease have yet been found 
(Moll et al., 2008; Owens and Lane, 2004). 
 
Simple-epithelial cytokeratins 
Simple epithelium expresses predominantly CKs 8, 18, 7, 17 and 19; additionally, 
CKs 7 and 19 are characteristic of glandular epithelium (Leube et al., 1986; Moll et al., 
2008; Ramaekers et al., 1987).  
CK8 and CK18 are the phylogenetically oldest CKs and are the first CKs expressed 
during embryogenesis, as early as in pre-implantation embryos (Blumenberg, 1988; 
Jackson et al., 1980). The absence of CK8 causes mid-gestational lethality or colorectal 
hyperplasia and inflammation in mice (Baribault et al., 1993; Jackson et al., 1980). Both 
are major components of the intermediate filaments of simple or single layered 
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epithelia found in the liver, mammary gland, including corneal epithelial cells, vascular 
endothelium and in the pleural and peritoneal mesothelium (Franke et al., 1981; 
Kasper et al., 1992; Oshima et al., 1996; Pronk et al., 1993; Stosiek et al., 1990).  
Providing mechanical strength in the single layered epithelia and interacting with 
desmosomes are the basic, but not the only, functions of CK8 and CK18. The total 
amount of cellular CK8 and CK18 is kept at a stable level under physiological 
conditions, while the expression of both often retains or increases during 
carcinogenesis, which may result in increased invasive potential and tumorogenicity 
(Moll et al., 1982; Oshima et al., 1996; Raul et al., 2004; Trask et al., 1990). Moreover, 
CKs 8 and 18 have a cytoprotective role against chemical insults (Bauman et al., 1994).  
CK8/18 are very important in the regulation of apoptosis, where they regulate Fas 
targeting in the surface membrane; bind the cytoplasmatic domain of tumor necrosis 
factor receptor 2 (TNFR2) and moderate the TNF-dependent activation of JNK and 
NFκB transcription factors; and sequester TRADD (TNFR1-associated death domain 
protein) and inhibit the activation of TNFR1-induced apoptosis (Caulin et al., 2000; 
Gilbert et al., 2001; Hsu et al., 1995; Inada et al., 2001; Liu et al., 1996).  
Furthermore, their role in the regulation of cell cycle was described (Galarneau et 
al., 2007; Ku et al., 2002; Magin et al., 2007; Toivola et al., 2001). They bind DNA, RNA 
and molecules that are important in signal transduction (Liao, 1995; Liao and Omary, 
1996; Omary, 1992; Traub, 1994). The CK8/18 pair plays an important role in cell-cycle 
regulation through phosphoserine-binding protein 14-3-3, which is a key regulator in 
signal-transduction/cell-cycle checkpoint control (Aitken, 1995). During the S/G2/M 
phases, when cytokeratins become hyperphosphorylated, 14-3-3 binds to CK8/18 and, 
due to cdc25 (dual-specificity phosphatase), remains free to dephosphorylate the 
cdc2/cyclin B complex, thus cells come through the M-phase checkpoint (Fu et al., 
2000; Ku et al., 1998; Liao and Omary, 1996; Omary et al., 1998). The key role of CK8 in 
cell-cycle regulation was demonstrated and confirmed in CK8 null mice, where hepatic 
cells exhibited an altered cellular redistribution of 14-3-3 protein into the nuclei and its 
binding to cdc25. All this leads to cell-cycle deregulation and finally, in the G2-phase, to 
cell-cycle arrest (Ku et al., 2002; Toivola et al., 2001).  
CK7 and CK19 are “additional” (secondary) and also widely distributed simple-
epithelial CKs together with CK17, typical for basal myoepithelial cells (Leube et al., 
1986). CK7 and CK19 typically occur in simple ductal epithelia such as bile and 
pancreatic ducts (Ramaekers et al., 1987), moreover CK19 was proposed as a marker 
for stem cells (Lauweryns et al., 1993b; Notara et al., 2010). Another simple-epithelia 
CK with restricted distribution is CK20, which is specific to gastrointestinal epithelia, 
urothelium and Merkel cells (Moll et al., 1992, 1995).  
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Stratified-epithelial cytokeratins 
The stratified-epithelial CKs are comprised of CK1, CK2e, CK2p, CK3 to CK6, and 
CK9 to CK17. The basal cell layer of the stratified epithelium expresses CKs 5 and 14, 
while the cells of the superficial layers express CKs 1 and 10 or 4 and 13, depending on 
the state of epithelial keratinization and differentiation (Moll et al., 1982; Morgan et 
al., 1987). Stable basal cells also express CK15, which has been proposed as a potential 
marker of stem cells in the hair follicle bulge as well as in limbal epithelial stem cells 
(Liu et al., 2003; Lloyd et al., 1995; Moll et al., 1993; Porter et al., 2000; Waseem et al., 
1999). CK6 and CK16 are also expressed in several stratified epithelia occurring 
physiologically in mucosal epithelia. Their upregulation is correlated with increased 
proliferative activity occurring as a result of inflammatory, hyperplastic, or neoplastic 
conditions (Fransseen et al., 2004; Pitz and Moll, 2002; van der Velden et al., 1999).  
 
Corneal cytokeratins 
The typical marker of corneal epithelium is CK3 which forms a dimmer with CK12 
and both are believed to be cornea-specific (Lauweryns et al., 1993a; Moll et al., 
1982). Moreover, in the corneal epithelium CKs 4, 7, 8, 11, 13, 14, 16, 18 and 19/5 
have been previously detected together with pancytokeratin and group of CKs 
AE1/AE3 (Cockerham et al., 2002; Kasper et al., 1992; Ross et al., 1995).  
In the adult human corneal endothelium, no CKs have been detected and have 
been confirmed with the exception of the CK pair 8/18 (Kasper et al., 1992; Wollensak 
and Witschel, 1996). 
 
Limbal and conjunctival cytokeratins 
CK19 has been described as one of the major components in the conjunctival 
epithelium (Elder et al., 1997; Kasper et al., 1988; Pitz and Moll, 2002; Schlotzer-
Schrehardt and Kruse, 2005). It exhibits the opposite direction in its labeling gradient 
than CK3 does. CK19 is located in all layers of the conjunctival and limbal epithelium 
and its presence decreases in the peripheral part of the cornea, and finally disappears 
in the central corneal epithelium (Kasper et al., 1988; Lauweryns et al., 1993a; Pitz and 
Moll, 2002). Moreover, CK15 was detected in the basal cells of the limbus and 
conjunctiva (Lloyd et al., 1995).  
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2.6 Collagens 
Collagen is the major component of the extracellular matrix and the most 
abundant protein in mammals making up about 25 to 35% of the whole-body protein 
content. More than 28 types of collagen have been described in literature up to now, 
which differ in their structure, function and tissue distribution (Myllyharju and 
Kivirikko, 2001).  
The collagen superfamily can be divided on the basis of polymeric structures or 
other features (Myllyharju and Kivirikko, 2001; Prockop and Kivirikko, 1995): 
a) Collagens that form fibrils: I, II, III, V, XI, XXIV, XXVII  
b) Collagens that form networks: IV, VIII, X 
c) Fibril-associated collagens with interrupted triple-helices (FACIT): IX, XII, XIV, 
XVI, XIX, XX, XXI 
d) Collagens that form filaments: VI 
e) Collagens that form anchoring fibrils: VII 
f) Collagens with transmembrane domains: XIII, XVII, XXIII, XXV 
g) The family of collagens: XV, XVIII, XXII, XXVI 
h)  “Non-collagenous” collagens: conglutinin, collectin-43, etc. 
 
Collagen molecules consist of three polypeptide chains, called pro-α chains (left-
handed helix), which are wrapped around each other and form right-handed 
superhelix (triple-helix) called protocollagen. The final structure is a rope-like rod 
(Prockop and Kivirikko, 1995). All three pro-α chains are identical or even three 
different pro-α chains can contribute to protocollagen formation (Marshall et al., 
1993). A distinctive feature of collagen is the regular arrangement of amino acids in 
each of the three chains of these collagen subunits. The primary structure consists of a 
repetitive sequence (Gly-X-Y)n, where every third amino acid is glycine, X is often 
alanin or proline and Y is frequently hydroxyproline (Ihanamäki et al., 2004). Collagen 
pro-α chains are synthesized in the rough endoplasmic reticulum and a number of 
post-translational modifications like hydroxylation and glycosylation are involved in 
their synthesis before they associate into triple-helix formation (protocollagen), where 
they have propeptide extensions at both their N- and C- terminal ends (Michelacci, 
2003). The protocollagen molecules are transported through Golgi apparatus to the 
extracellular matrix, and during this transport they aggregate laterally (Bonfanti et al., 
1998). After secretion the N and C propeptides are cleaved by specific proteinases 
(Prockop et al., 1998). The collagen molecules assemble spontaneously into fibrils (10 –
300 nm), which are stabilized by covalent crosslinks and then into collagen fibers (0.5 – 
3 μm), (Kadler et al., 1996; Smith-Mungo and Kagan, 1998). 
Mutations in the distinct collagen genes cause a lot of human disorders; for 
example osteogenesis imperfecta, osteoporosis, chondrodysplasias, Ehlers-Danlos 
syndrome and others (rewieved in Prockop and Kivirikko, 1995). In the autosomal 
S. Merjava  __       ___               Doctoral Thesis 
24 
 
recessive or X-linked Alport syndrome mutations in α3, α4, α5 and α6, collagen IV 
chains were detected (Lemmink et al., 1997). This disease is tightly connected with 
posterior polymorphous corneal dystrophy (Ihanamäki et al., 2004). Moreover, 
changes in collagen IV localization were described in keratoconus and bullous 
keratopathy but without mutation in distinct genes (Deng et al., 2001; Kenney et al., 
1997, Ljubimov et al., 1996; Tuori et al., 1997).  
 
Corneal collagens 
At least 12 different types of collagens are expressed in the normal human cornea 
(Tab. 2), where they constitute more than 70% of the dry weight. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2:  Collagens expression and localization in the healthy human cornea (* only in 2/3 of  
the posterior stroma, ° only in the Bowman layer), (according to Jirsova et al., 2008). 
 
The major structural component of the BME is collagen IV (Hudson et al., 1993; 
Kefalides, 1973; Ljubimov et al., 1995). To date, six α chains of collagen IV (α1 – α6) 
have been identified (Leinonen et al., 1994). Trimers of α1 (IV) and α2 (IV) chains 
(*α1+2α2 and *α1+3) are ubiquitous and form the major component of BMs, whereas 
chains α3 (IV), α4 (IV), α5 (IV) and α6 (IV) represent only a minor component of BMs 
with restricted tissue distribution (Sanes et al., 1990; Timpl, 1989). The BMEs of the 
cornea and conjunctiva contain different types of collagen IV chains. Whereas the α5 
(IV) chain is present in the corneal BME, the α2 (IV) chain is present in the conjunctival 
BME (Kabosova et al., 2007; Ljubimov et al., 1995; Tuori et al., 1997). Type IV collagen 
Localization in the human cornea Collagen type 
BME IV  
 VI 
 VII 
 XII 
 XVIII 
Bowman layer, stroma I 
 III 
 IV 
 V 
 VI 
 VII 
 XII 
 XIII* 
 XV 
 XVIII° 
DM IV 
 V 
 VIII 
 XVIII 
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provides not only an architectural network, but the different NC1 domains of its α 
chains also regulate cellular behavior including antiangiogenic or antitumor properties 
(Floquet et al., 2004). It has been shown that the α1 and α2 chains of collagen IV favor 
cell migration, whereas the α3 chain limits the invasive phenotype (Ortega and Werb, 
2002). Among collagen IV a collagen VII and XVIII were detected in human BME. 
Collagen VII forms anchoring fibrils which penetrate the BME and course into the 
stroma, where they form anchoring plaques together with collagen I (Gipson et al., 
1987). 
Collagen fibers in normal human corneal stroma are rich for collagen I, but also 
contain relatively large amounts of collagen V and VI (Lee and Davison, 1984; Marshall 
et al., 1991; Newsome et al., 1981). Collagen VI is a non-fibrillar collagen, which forms 
by lateral aggregation special ‘microfibrillar’ structures between other fibrils, due to 
can participate in their stabilization (Lee and Davison, 1984; Zimmermann et al., 1986). 
Collagen III is present in low proportions in the corneal stroma but increases during 
wound healing, inflammation and several other pathological conditions. Moreover 
collagens IV, XII, XIII and XIV were described in corneal stroma (Ljubimov et al., 1995; 
Michelacci, 2003; Sandberg-Lall, 2000).  
The major structural component of the DM is collagen VIII, which forms a 
hexagonal lattice on the anterior part of DM (Sawada et al., 1990). Type VIII collagen is 
a non-fibrillar, short chain collagen. It consists of two collagenous polypeptides, α1 
(VIII) and α2 (VIII) chains, which form two distinct homotrimeric or heterotrimeric 
proteins (Greenhill et al., 2000; Illidge et al., 2001). Its exact function, apart from its 
structural properties (in DM it creates a matrix underneath the endothelial cells that 
can resist compression while maintaining an open porous structure), is still unclear; 
however, studies suggest its importance in cell differentiation and determining 
endothelial cell phenotype (Sage, 1987; Shuttleworth, 1997; Yamaguchi et al., 1989). 
Moreover, it was suggested that collagen VIII may play a role as a peri- or subcellular 
matrix environment that permits or stimulates cell proliferation (Hopfer et al., 2005). 
Among collagen VIII, collagens IV, V and VI were detected in DM (Marshall, 1991).  
In human corneal epithelium no collagens were detected and in corneal 
endothelial cells only collagen VIII was present (predominantly α1 chain), (Gottsch et 
al., 2005). 
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2.7 Corneal dystrophies 
According to the traditional classification which is based on the anatomic location 
of major changes, three groups of corneal dystrophies are recognized: anterior corneal 
dystrophies affecting the epithelium and Bowman layer, stromal dystrophies and 
posterior dystrophies affecting the DM and the endothelium (Aldave and Sonmez, 
2007; Pieramici and Afshari, 2006). Endothelial corneal dystrophies result from primary 
endothelial dysfunction leading to corneal opacifications and oedema. This group 
includes Fuchs endothelial corneal dystrophy (FECD), posterior polymorphous corneal 
dystrophy (PPCD), congenital hereditary endothelial dystrophy (CHED) and X-linked 
endothelial corneal dystrophy (XECD), (Tab. 3). All are thought to represent defects of 
neural crest terminal differentiation (Bahn et al., 1984). Common features present in 
this group of dystrophies include altered morphology of endothelial cells, secretion of 
an abnormal posterior collagenous layer (PCL) in the posterior side of DM and 
consequent corneal decompensation (Levy et al., 1996a).  
Posterior dystrophy Inheritance OMIM Locus/gene 
Fuchs endothelial corneal dystrophy (FECD) 
 FECD1 (early-onset) AD 136800 1p34.3-p32/ COL8A2 
 FECD2 (late-onset) AD 610158 13pter-q12.13/ Unknown 
 FECD3 (late-onset) AD 613267 18q21.2-q21.32/ Unknown 
 FECD4 (late-onset) AD 613268 20p13-p12/ SLC4A11 
 FECD5 (late-onset) AD 613269 5q33.1-q35.2/ Unknown 
 FECD6 (late-onset) AD 613270 10p11.2/ ZEB1 
 FECD7 (late-onset) AD 613271 9p24.1-p22.1/ Unknown 
Posterior polymorphous corneal dystrophy (PPCD) 
 PPCD1 AD 122000 
20p11.2/ Unknown 
20p11.21/ VSX1 
 PPCD2 AD 609140 1p34.3-p32/ COL8A2 
 PPCD3 AD 609141 10p11.2/ ZEB1 
Congential hereditary endothelial dystrophy (CHED) 
 CHED1 AD 121700 20p11.2/ Unknown 
 CHED2 AR 217700 20p13-p12/ SLC4A11 
 Harboyan syndrome AR 217400 20p13-p12/ SLC4A11 
X-linked endothelial corneal dystrophy (XECD) 
XECD X-linked 300779 Xq25/ Unknown 
Table 3: Summary of posterior dystrophies with their inheritance (AD – Autosomal dominant, 
AR – Autosomal recessive), OMIM number (Online Mendelian Inheritance in Man) and genes 
implicated in the dystrophy (p – short arm, q – long arm).  
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2.7.1 Fuchs endothelial corneal dystrophy    
FECD is the commonest, progressive, bilateral degeneration of the cornea. It has 
been estimated that 4% of the population over the age of 40 is affected. Posterior 
excrescences known as “cornea guttata”, prominating through the corneal 
endothelium to the anterior chamber are characteristic features of this dystrophy. In 
these prominences a collagen IV and VIII were detected (Levy et al., 1996b; Merjava, 
unpublished data), (Fig. 2). Transmission and scanning electron microscopy revealed 
abnormal structures in some endothelial cells in FECD, due to which it was suggested 
that endothelial cells here may undergo fibroblastic or, rarely, epithelial metaplasia 
(Hidayat and Cockerham, 2006; Waring et al., 1978). The occurrence and reactivity of 
pancytokeratin (AE1/AE3), CK7, 20 and CAM 5.2 (CK pair 8/18) antibodies in the 
abnormal endothelial cells supports this theory (Hidayat and Cockerham, 2006). 
 
Figure 2: Excrescences known as “cornea guttata” positive for α2 collagen IV chain observed in 
the Fuchs endothelial corneal dystrophy on the Descemet membrane (DM), (S. Merjava, 
unpublished data). Scale bar represents 10 µm. 
 
The exact mechanism of FECD pathophysiology remains unknown. An 
investigation of FECD using the serial analysis of gene expression (SAGE) in diseased 
tissue demonstrated a significant decrease in the expression levels of several genes 
associated with oxidation and apoptosis, and significantly higher levels of oxidative 
DNA damage and apoptosis in FECD endothelium were detected compared to controls, 
providing evidence that oxidative stress plays a key role in FECD pathogenesis 
(Jurkunas et al., 2010). Moreover, alterations in the aqueous humor proteome 
composition in FECD were reported (Richardson et al., 2010).  
FECD is genetically heterogeneous, exhibiting an autosomal dominant inheritance 
pattern. Mutations in the gene encoding the α2 collagen VIII chain (COL8A2; OMIM 
*120252) on chromosome 1 have been found to cause a rare form of early-onset FECD, 
while the more common late-onset FECD has been localized to loci on chromosomes 9, 
13, 18, 20 and 5 (Biswas et al., 2001; Gottsch et al., 2005; Liskova et al., 2007a; Sundin 
et al., 2006a; 2006b; Riazuddin et al., 2009). Moreover, five missense mutations were 
reported in the ZEB1 gene (OMIM *189909) in a cohort of late-onset FECD patients. As 
ZEB1 has been previously shown to underlie PPCD3 it has been suggested that PPCD 
and FECD are allelic variants of the same disease continuum, and that genetic 
interaction between genes that cause corneal dystrophies can modulate the 
expressivity of the phenotype (Riazuddin et al., 2010). 
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2.7.2 Posterior polymorphous corneal dystrophy  
PPCD is a bilateral, autosomal dominant disorder affecting primarily the corneal 
endothelium and DM (Hogan and Bietti, 1969). The epithelization and proliferation of 
the pathologic endothelium in PPCD corneas are the most common findings at the 
cellular level, and it has been characterized in detail using light, electron and in vivo 
confocal microscopy (Boruchoff and Kuwabara, 1971; Krachmer, 1985; Patel et al., 
2005). Epithelization was also confirmed by the detection of CKs, typical epithelial 
proteins, using whole antikeratin antiserum (Rodrigues et al., 1980).  
2.7.2.1 Clinical findings  
The first clinical description of PPCD is attributed to Koeppe in 1916 (Koeppe, 
1916), however the first clinico-pathologic study was published by Morgan and 
Paterson in 1967. PPCD is characterized biomicroscopically (slit-lamp examination) by 
vesicular lesions (0.25 to 1 mm in diameter), bands and geographic opacities at the 
level of posterior DM and the endothelium (Cibis and Tripathi, 1982; Laganowski et al., 
1991; Morgan and Paterson, 1967). Two general patterns of lesions: (1) a focal 
vesicular and band-shaped pattern; (2) a geographic pattern, were observed (Hirst and 
Waring, 1983). Using more detailed observations with specular microscopy (Fig. 3) 
small endothelial cells compacted together, normal-sized cells with a typical 
endothelial mosaic pattern, or abnormal endothelial cells that are enlarged and 
pleomorphic, have been observed (Hirst and Waring, 1983).  
 
 
 
Figure 3: Specular microscopy: a monolayer of flat hexagonal cells of the healthy human 
cornea (A), abnormal endothelial cells and lesions typical for PPCD (B1-4). (Photos provided by 
MUDr. Liskova, archive of OTB VFN, Prague).  
 
Although the disease has been reported to be non-progressive in most affected 
subjects, in some patients secondary changes such as corneal oedema or glaucoma 
may lead to visual impairment and necessitate surgical management such as 
keratoplasty and glaucoma surgery (Cibis et al., 1977). The aberrant endothelium 
grows over the trabecular meshwork blocking the iridocorneal angle, which may lead 
to iridocorneal adhesion, iris atrophy and increasing the intraocular pressure, thus 
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causing secondary glaucoma (Cibis et al., 1977; Krachmer, 1985). In most cases PPCD 
becomes symptomatic in middle age, however cases of PPCD manifestating as corneal 
oedema at birth, or within a few weeks after birth, have also been described (Héon et 
al., 2002; Levy et al., 1996a; Liskova et al., 2010).  
2.7.2.2 Laboratory observations 
The thickness of the corneal epithelium appears normal in most cases when 
examined by light microscopy; occasionally it shows evidence of intracellular oedema. 
The Bowman layer varies in thickness and thin fibrocellular tissue (fibrous pannus) 
between the epithelium and Bowman layer may be observed (Feil et al., 1997; 
Grayson, 1974). The corneal stroma shows the usual changes characteristic of 
oedema. DM is of irregular thickness (thinner or thicker) or shows a multilaminar 
pattern (Johnson and Brown, 1978). A large amount of wide-spaced collagen is 
deposited posterior to DM forming an abnormal PCL (Waring, 1982). Morphological 
characterization of the endothelial cells is typically not homogeneous. In some cases 
the endothelium is not present. It may also be discontinuous or arranged in more than 
one layer (two or three). The endothelial cells are enlarged, flattened or damaged and 
epithelial in appearance (Feil et al., 1997; Hogan and Bietti, 1969, Johnson and Brown, 
1978). 
As the significant pathological abnormalities are limited to the posterior cornea, 
examination using electron microscopy focused mainly on DM and the endothelium. 
Focal fusiform nodular protrusions of connective tissue were noted in DM. Also 
described was the formation of an abnormal PCL (Johnson and Brown, 1978; Waring, 
1982). Collagens I, III – VI, VIII, laminin, tenascin and fibronectin were detected using 
immunoelectron microscopy in this PCL (Gottsch et al., 2005; Levy et al., 1995b). In 
patients with PPCD (as in the other endotheliopathies) three types of PCL (banded, 
fibrillar and fibrocellular) have been described (Waring, 1982). Epithelial-like abnormal 
endothelial cells with prominent microvilli, abundant keratofibrils, desmosomes and 
sparse microorganelles (all characteristics of epithelial cells) have been documented in 
many publications (Boruchoff and Kuwabara, 1971; Feil et al., 1997; Krachmer, 1985; 
Matsumoto et al., 1988; Richardson and Hettinger, 1985; Rodrigues et al., 1981). 
Other investigators have described fibroblast-like transformation of the endothelial 
cells characterized by dilated endoplasmic reticulum (Johnson and Brown, 1978; 
Waring, 1982). Epithelization of the endothelial cells in PPCD was confirmed in cell 
cultures, where the outgrowth of the PPCD explants began within 24 – 48 hours, 
compared to control endothelium which required 4 – 6 days (Rodrigues et al., 1981).   
2.7.2.3 Inheritance and models of PPCD  
The transmission in most of the families is autosomal dominant (Cibis et al., 
1977). At least four different genes are implicated in PPCD, of which three are known. 
PPCD1 is linked to chromosome 20, and the visual system homeobox gene 1 (VSX1; 
OMIM *605020) was reported as disease-causing (Héon et al., 1995; 2002). Evidence 
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also exists that in the linked families another undiscovered PPCD gene at 20p11.2 is 
implicated, suggesting possible microheterogeneity (Aldave et al., 2009; Gwilliam et 
al., 2005). PPCD2 and some forms of FECD are caused by the gene encoding the α2 
collagen VIII chain (COL8A2; OMIM *120252) on chromosome 1 (Biswas et al., 2001). 
Finally, the human zinc finger E-box binding homeobox 1 gene (ZEB1 also known as 
TCF8; OMIM *189909) on chromosome 10 is implicated in PPCD3 (Krafchak et al., 
2005; Liskova et al., 2007b; Vincent et al., 2009).  
Two animal models for PPCD have been described. ZEB1 heterozygous and null 
mice showing a part formed multilayered endothelium as a result of proliferation, 
ectopic expression of epithelial genes in this layer and in keratocytes, including the 
basement membrane component α3 collagen IV chain, corneal thickening, and 
corneolenticular and iridocorneal adhesion (Liu et al., 2008). Most recently, a 
spontaneous mutant named “PPCD1 mouse” has been described with similar features 
as those observed in human PPCD corneas. Locus for this PPCD1 mouse phenotype 
was mapped to a 6.1 Mbp interval on chromosome 2, which is syntenic to the human 
chromosome 20 PPCD1 interval. Duplication leading to haploinsufficiency of CSRP2BP 
(Cysteine-rich protein 2-binding protein)  gene has been postulated to be responsible 
for the mouse PPCD1 phenotype and it has been suggested that CSRP2BP 
haploinsufficiency may lead to human PPCD1 as well (Shen et al., 2010). 
2.7.2.4 Prevalence and treatment 
The exact prevalence of PPCD is unknown. Based on published data it can be 
estimated that there are approximately 300 – 400 patients with this disorder 
worldwide. More than a hundred PPCD patients come from the Czech Republic 
(prevalence 1/100 000), most of them originating geographically from an area around 
the town of Klatovy (Fig. 4).   
 
 
 
 
 
 
 
 
 
 
Figure 4: Occurrence of PPCD patients in the Czech Republic. Geographical origin of 14 families 
from the west and southwest area of the Czech Republic. 11 families originate geographically 
from an area around the town of Klatovy (20 km in diameter), (Maps provided by 
MUDr. Liskova).   
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In Czech patients PPCD is generally more progressive and secondary changes like 
corneal oedema and secondary glaucoma, which may further lead to total blindness, 
are observed in a large percentage of them. Penetrating keratoplasty is the gold 
standard treatment for patients with decreased visual acuity and symptoms 
associated with corneal oedema. Newer lamellar transplant techniques, however, are 
beginning to replace full thickness cornea transplants. These innovative treatments 
include deep lamellar endothelial keratoplasty and more recent Descemet membrane 
stripping endothelial keratoplasty (Pieramici and Afshari, 2006; Studeny et al., 2010).  
The disease may recur rarely in the graft. The first report on the recurrence of 
PPCD after penetrating keratoplasty was published by Boruchoff et al. (1990). A few 
years later Sekundo et al. (1994) described repopulation of the posterior surface of 
three donor corneas by the host pathological endothelium using light and electron 
microscopy. 
2.7.2.5 Cytokeratins and collagens in PPCD corneas 
Rodrigues et al. (1980) were the first who detected CKs in the unusual abnormal 
epithelial-like cells in the corneal endothelial layer of patients suffering from PPCD 
(Rodrigues et al., 1981). The detection of epithelial membrane antigen, 
pancytokeratin, CKs AE1/AE3, CK7, 20 and CAM 5.2 (CK8 and 18) together with 
vimentin followed (Cockerham et al., 2002; Moroi et al., 2003). Only a diffuse positivity 
was observed for monoclonal antibody 2B4.14.1; a protein typical for normal human 
corneal endothelium (Feil et al., 1997; Ross et al., 1995). These data suggest that the 
corneal endothelium in patients with PPCD undergoes a metaplasia from a normal 
phenotype to a transitional phenotype and in the end to an abnormal epithelial 
phenotype (Ross et al., 1995). Changes in the epithelium of PPCD patients when 
compared to control epithelial cells for previously mentioned antibodies were not 
detected (Cockerham et al., 2002).  
A detailed characterization describing changes in the collagen composition in 
corneas of patients suffering from PPCD has not been published. Only an ectopic 
expression of the α3 collagen IV chain in pathological endothelium was found in one 
PPCD patient with a known disease-causing mutation in the ZEB1 gene, as well as in 
the abnormal endothelium of ZEB1 null mice (Krafchak et al., 2005; Liu et al., 2008). 
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2.7.3 Congenital hereditary endothelial dystrophy  
CHED is a rare, bilateral corneal disorder manifesting as cloudy corneas at birth or 
in early childhood. Histological features of CHED-affected corneas include diffuse 
epithelial and stromal oedema, defects in the Bowman layer, a degenerated corneal 
endothelium with multinucleated cells or melanin deposits, and a thickened DM 
(Ehlers et al., 1998; Kirkness et al., 1987; Mullaney et al., 1995; Rodrigues et al., 1975). 
Signals for pancytokeratin AE1, cytokeratin CAM 5.2 (CK pair 8/18) and CK7 antibodies 
were detected in the abnormal endothelial cells of CHED patients (Cockerham et al., 
2002). Autosomal dominant (CHED1; OMIM #121700) or recessive (CHED2; OMIM 
#217700) forms are known (Rodrigues et al., 1995). Autosomal dominant CHED1 was 
mapped to the pericentromeric region of chromosome 20, a region that lies within the 
region linked to PPCD1 (Toma et al., 1995). The locus for CHED2 has been mapped to 
chromosome 20p13 and mutations within the sodium bicarbonate transporter-like 
protein 11 gene (SLC4A11; OMIM *610206 ) were identified as disease-causing (Hand 
et al., 1999; Mohamed et al., 2001; Vithana et al., 2006). CHED may be associated with 
deafness (Harboyan syndrome), nystagmus and congenital glaucoma (Abramowicz et 
al., 2002; Desir et al., 2007; Pedersen et al., 1989).  
2.7.4 X-linked endothelial corneal dystrophy 
XECD (OMIM #300779) is the most recently described endothelial corneal 
dystrophy. The disease has been identified in a single large Austrian pedigree. An X-
linked inheritance pattern was suggested and linkage to a 4.73-centimorgan region on 
Xq25 was demonstrated. Resembling moon craters in the endothelium, corneal 
opacification, oedema and subepithelial band keratopathy were described in male or 
female, respectively (Schmid et al., 2006).  
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3 MATERIAL AND METHODS 
 
3.1 Material used 
The study followed the ethical standards of the Ethics Committee of the General 
Faculty Hospital and Charles University, Prague, and adhered to the tenets set out in 
the Declaration of Helsinki. 
3.1.1 Control tissues 
In total 25 corneo-scleral discs (11 – 17 mm in diameter, 16 male and 9 female, 
aged from 16 to 82, mean age of 57.6 ± 19.2 years), not acceptable for transplantation 
because of a positive serology of the donor or their endothelial quality, two trabecular 
meshwork (TM) specimens, one anterior segment and, additionally, two Descemet 
membrane-endothelium lamellae with a stromal rim (Studeny et al., 2010), were used. 
The time between death and storing in liquid nitrogen did not exceed more than 24 
hours as standard. All samples were obtained from the Ocular Tissue Bank Prague, 
General Faculty Hospital, Prague, Czech Republic. Cadaverous tissues obtained from 
the Institute of Forensic Medicine and Toxicology, General Faculty Hospital and First 
Faculty of Medicine, Prague, were used as positive controls.  
3.1.2 Pathological tissues 
Collection of our PPCD patients reaches 16 cases (7 men and 9 women; mean age 
39.9 ± 20.1 years at the time of their first keratoplasty). All patients were included in 
analysis of corneal surviving after first penetrating keratoplasty. All but one eye 
requiring corneal transplantation developed stromal and epithelial oedema. None of 
the examined patients suffered from secondary glaucoma or any other ophthalmic 
disorder. Three of the PPCD patients exhibited a keratoconus pattern on 
videokeratography (without the typical thinning of the cornea); three had bullous 
keratopathy. Two corneas were obtained from members of the family previously 
mapped to 20p11.2 (Gwilliam et al., 2005), while nine were from seven members of 
five families originating in the same small geographic area within the Czech Republic 
(Fig. 5). Preliminary unpublished genotyping data in these families also suggest linkage 
to the PPCD1 locus. One cornea was from a patient with an identified disease-causing 
mutation in the ZEB1 gene (Liskova et al., 2007b). The diagnosis of PPCD was based on 
the presence of characteristic bilateral vesicular lesions, bands and geographic 
opacities observed on slit-lamp microscopy together with positive family history.  
Four of our patients were re-transplanted after first penetrating keratoplasty (two 
men and two women; mean age 40.8 ± 18.0 years at the time of re-operation). The 
time to removal of the original donor button upon re-operation ranged from 3 to 8 
years, and the main indication for re-operation was endothelial rejection, 
decompensation of the graft and recurrence of PPCD. Fortunately, one of these four 
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patients was sex-mismatched, i.e. the donor cornea was gained from a person of a 
different gender, so that we were able to use indirect fluorescent 
immunohistochemistry and consequently fluorescence in situ hybridization (FISH) 
analysis of the sex chromosomes.  
One TM specimen was obtained during glaucoma surgery performed on an eye two 
years after keratoplasty in a patient with PPCD. All pathological corneal explants and 
TM specimen were obtained from the Department of Ophthalmology, First Medical 
Faculty of Charles University and General Faculty Hospital in Prague. 
 
3.2 Preparation of the samples 
Eye balls of the control donors were dried and corneo-scleral discs (with limbus 
and conjunctiva) were incised using trepan (11 – 12 mm in diameter) (Fig. 5). Corneal 
discs were dissected and used for the preparation of cryosections, imprints on Millicell 
or Supor membranes and paraffin-embedded sections. Pathological corneal explants 
7 – 8 mm large were used for cryosections only.  
 
 
 
 
 
 
 
Figure 5: Trepanation of corneo-scleral disc from whole globe. 
3.2.1 Cryosections 
Tissues (corneas, TM and other tissues) for cryosection preparation were dissected, 
snap frozen in liquid nitrogen, embedded in an Optimal Cutting Temperature 
Compound and stored at -70°C. Tissue slices 7 μm thick were cut radially to evaluate 
tissue from the central to the peripheral parts of the cornea, or as tangential sections 
of the limbus, allowing evaluation of the complex architecture of the limbal crypts (for 
the characterization of the limbal area only), (Chen et al., 2004). Slides containing four 
slices per slide were kept under -20°C until they were used for indirect fluorescent or 
enzymatic immunohistochemistry.  
3.2.2 Millicell membranes and Supor membranes 
Corneal epithelium, endothelium, conjunctival epithelium and peritoneal cells were 
used for impression cytology on Biopore Millicell membranes (MILLICELL®- CM, PICM 
01250, Millipore, Bedford MA) or Supor® - 200 membranes (PALL Corp., Michigan, 
USA). The membranes were used for indirect fluorescent immunocytochemistry 
(Millicell and Supor), RT-PCR, qRT-PCR (RNA was isolated from cells on the Millicell 
membranes) and Western blot (proteins were obtained from the Millicell membranes). 
The membranes were kept under -70°C. 
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3.3 General techniques used 
3.3.1 Histochemistry 
Slides from each control and PPCD patients were stained with common 
haematoxylin and the eosin method for morphological assessment by light microscopy.  
3.3.2 Fluorescent immunohistochemistry and immunocytochemistry 
After fixation in cold acetone, rinsing in phosphate buffered saline (PBS), 
permeabilization in TRITON X-100 (only in case of immunocytochemistry) and blocking 
in blocking solution, the slides and membranes were incubated with primary 
antibodies diluted in PBS containing bovine serum albumin (BSA) for 1 hour at room 
temperature. The primary antibodies which were used are in appended table (Tab. 4). 
After washing in PBS the slices were incubated with appropriate secondary antibodies; 
fluorescein isothiocyanate-conjugated (FITC) and rhodamine-conjugated (TRITC) 
anti-mouse or anti-goat IgG (all from Jackson ImmunoResearch Laboratories, West 
Grove, USA) for 1 hour at room temperature. After rinsing in PBS the slices were 
mounted with Vectashield - propidium iodide or 
4.6-diamidino-2phenylindoldihydrochlorid (DAPI) (Vector Laboratories, Inc. 
Burlingame, USA) to counterstain the DNA within the nuclei.  
Individual alterations in the immunohistological protocols are mentioned and 
described in detail in appended publications, and were mostly done according to 
manufacturer instructions. 
3.3.3 Double-staining on radial and tangential sections 
Double-staining was performed on six different corneo-scleral samples. A mixture 
of mouse anti-CK8 antibody with goat anti-CK3, anti-CK15, anti-integrin α6 and anti-
vimentin antibodies (Tab. 4) was applied to the sections in one step, followed by a 
mixture of FITC-conjugated donkey anti-mouse IgG and TRITC-conjugated donkey anti 
goat IgG antibodies (Jackson ImmunoResearch Laboratories, West Grove, USA). All 
antibodies were diluted only in PBS as described by manufacturers. 
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Antigen Company Clone Antibody type Dilution 
calbindin 2 (calretinin) Santa Cruz N-18 Goat 1/75 
cytokeratin 1 Santa Cruz N-20 Goat 1/250 
cytokeratin 2 Acris Ks 2.342.7.4 Mouse (Ms) 1/50 - 1/10 
cytokeratin 3 Santa Cruz C-14 Goat 1/50 
cytokeratin 3/12 RDI  AE5 Ms 1/400 
cytokeratin 4 Sigma-Aldrich 6B10 Ms 1/200 
cytokeratin 5 Santa Cruz RCK103 Ms 1/400 
cytokeratin 5/6 Dako D5/16B4 Ms 1/40 
cytokeratin 6 Santa Cruz LL020 Ms 1/20 
cytokeratin 7 Dako OV-TL12/30 Ms 1/50 
cytokeratin 8 Millipore 4.1.18 Ms 1/400 
cytokeratin 8/18 Novocastra 5D3 Ms 1/75 
cytokeratin 9 Acris 
multi-epitope 
cocktail 
Ms 1/50 - 1/15 
cytokeratin 10 Santa Cruz RKSE60 Ms 1/50 
cytokeratin 10/13 Dako DE-K13 Ms 1/25 
cytokeratin 14 Chemicon LL002 Ms 1/50 
cytokeratin 15 Chemicon LHK15 Ms 1/100 
cytokeratin 15 Santa Cruz A-13 Goat 1/400 
cytokeratin 16 Acris LL025 Ms 1/30 
cytokeratin 17 Acris Ks 17.E3 Ms 1/25 
cytokeratin 18 Dako DC10 Ms 1/50 
cytokeratin 18 Sigma CY-90 Ms 1/800 
cytokeratin 19 Dako RCK108 Ms 1/50 
cytokeratin 20 Acris Q2 Ms 1/50 - 1/15 
HBME-1 Dako HBME-1 Ms 1/50 
integrin α6 Santa Cruz C-18 Goat 1/40 
mesothelin Santa Cruz K1 Ms 1/50 
vimentin Santa Cruz C-20 Goat 1/100 
 
Table 4: Primary antibodies used for fluorescent immunohisto- and immunocytochemistry. 
 
3.3.4 Enzymatic immunohistochemistry and immunocytochemistry 
After fixation in cold acetone, rinsing in PBS or Tris buffered saline, 
permeabilization in TRITON X-100 (only in case of immunocytochemistry) and blocking 
in blocking solutions, slides and membranes were incubated with primary antibodies 
for 1 hour at room temperature (Tab. 5). After washing, the slices were incubated with 
appropriate biotinylated secondary antibodies and then the tertiary complex was 
applied. In the case of the UltraTech HRP AEC kit (streptavidin/horseradish 
peroxidase), (Immunotech, France), the staining was visualized by 3-amino-9-
ethylcarbazol (AEC), (Immunotech).  In the case of SABcomplex/AP (alkalic 
phosphatase), (DakoCytomation, Glostrup, Denmark), the staining was detected by a 
mixture of naphtol, levamizol, Fast Red and veronal acetate buffer (all from Sigma, St. 
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Louis, USA). After rinsing the slides were counterstained with Harris haematoxylin and 
mounted in an Aquatex medium (Merck KGaA, Germany).  
Individual alterations in immunohistological protocols are mentioned and 
described in detail in the appended publications and were done according to 
manufacturer instructions. 
 
Antigen Company Antibody type Dilution 
calbindin 2 (calretinin) Santa Cruz Goat 1/75 
collagen IV α1 chain Wielisa Mouse (Ms) 1/50 
collagen IV α3 chain Wielisa Ms 1/50 
collagen IV α5 chain Wielisa Ms 1/50 
collagen IV α2 chain Chemicon Ms 1/300 
collagen IV α4 chain Dr. Sado, Japan Rat 1/25 
collagen IV α6 chain Dr. Sado, Japan Rat 1/50 
collagen VIII α1 chain 
Dr. Greenhill, New 
Zealand Ms 1/15 
collagen VIII α2 chain 
Dr. Greenhill, New 
Zealand Ms 1/1000 
cytokeratin 8 Millipore Ms 1/400 
cytokeratin 8/18 Novocastra Ms 1/75 
cytokeratin 18 Dako Ms 1/50 
cytokeratin 18 Sigma Ms 1/800 
HBME-1 Dako Ms 1/50 
mesothelin Santa Cruz Ms 1/50 
 
Table 5: Primary antibodies used for enzymatic immunohisto- and immunocytochemistry.  
 
3.3.5 Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) 
Total RNA was isolated from cells on Millicell membranes using an Rneasy Plus 
Microkit (Qiagen, Hilden, Germany) or by means of TRI Reagent (Molecular Research 
Center, Cincinnati, OH). Total RNA were reverse transcribed into cDNA using 
SuperScript II Reverse Transcriptase or SuperScript III/RNase OUT Enzyme Mix 
according to the manufacturer’s instructions (Invitrogen, Carlsbad, USA) on MyCycler 
(BIO-RAD, CA, USA). Subsequently, equal amounts of cDNA were amplified with the 
specific oligonucleotides for CK8, CK18, the houskeeping gene glyceraldehyde-3-
phospate dehydrogenase (GAPDH) and β-actin. The number of PCR cycles for the 
different primer pairs, the protocol for each cycle and primers sequences are 
described in detail in the appended publications.  
3.3.6 Western blot 
After lysis  of cells in the lysis buffer (0.2% Triton X-100, 10% glycerol, 0.5 mM 
EDTA, 1 mM dithiothreitol and protease inhibitors in PBS) the protein concentration 
was determined using the commercial BCA Protein Assay Kit (Pierce, Rockford, USA) 
and absorbance was measured on the Helios Gamma spectrophotometer (Thermo 
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Spectronic, UK). After SDS-poly-acrylamide electrophoresis (Laemmli, 1970), the 
proteins were transferred to nitrocellulose membranes (Serva Electroforesis GmbH, 
Heidelberg, Germany) and  probed with primary antibodies against CK8, CK18, 
mesothelin, calbindin 2 and β-actin. The secondary ImmunoPure® Peroxidase 
conjugated antibody (Pierce Biotechnology, Rockford, USA) was applied and positive 
reactions were visualized using an enhanced chemiluminescent technique with the 
SuperSignal® West Femto Maximum Sensitivity Substrate kit (Pierce Biotechnology) 
and a Syngene membrane documentation system Chemigeniius-Q and GeneSnap 
program (Synoptics Ltd., Cambridge, UK). Individual protocols and antibody dilutions 
are described in detail in the appended publications. 
3.3.7 Fluorescence in situ hybridization of the sex chromosomes 
Detection of gonosomes was performed immediately after immunohistochemical 
staining with the CK19 antibody and all signals were evaluated simultaneously using a 
quadrate bandpass DAPI/FITC/ORANGE/AQUA filters (360/490/560/426 nm).  
After fixation and rinsing in increasing ethanol grade the detection of gonosomes 
was performed. Directly labeled α satellite VYSIS DNA probes CEP X (DXZ1) Spectrum 
Aqua Probe and CEP Y (DYZ3) Spectrum Orange Probe (both from Abbott, Des Plaines, 
IL, USA) were used and the reaction was run on a Thermobrite (Abbott Molecular, Des 
Plaines, IL, USA). Cell nuclei were counterstained with DAPI (Vectashield, Vector 
Laboratories, Inc. Burlingame, USA). The hybridization protocol and washing 
procedures are described in detail in the appended publications.  
3.3.8 Microscopic techniques 
The specimens were examined by light and fluorescent microscopy using an 
Olympus BX51 microscope (Olympus Co., Tokyo, Japan) and Zeiss AX10 Imager Z1 
microscope (Carl Zeiss GmbH, Jena, Germany) at a magnification of 100 – 1000x. 
Images were taken using a Vosskühler VDS CCD-1300 camera, (VDS Vosskühler GmbH, 
Germany), a CCD ProgRes MF camera and a JENOPTIK ProgRes C12plus camera (both 
from Jenoptik, Laser Optik Systeme GmbH, Jena, Germany). A LUCIA 4.8, NIS Elements 
image analysis system (Laboratory Imaging, Czech Republic) and photo software Isis 
MetaSystem (MetaSystem, Altlussheim, Germany) were used for picture analysis. The 
percentage of positive cells was calculated. The intensity of cell staining was graded 
using a scale in accordance with Diebold et al. (1997).  
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4 RESULTS  
 
4.1 Characterization of corneal, limbal and conjunctival epithelium 
The most intense staining present throughout the corneal epithelium was 
observed for CK3, CK5 and CK14; CK19 was found only at the corneal periphery. CK4 
and CK10/13 revealed mild to moderate positivity, mostly in the superficial layers of 
the corneal epithelium. The suprabasal cell layers of all examined areas showed a 
strong positivity for CK16. A heterogeneous staining pattern with a centrifugal 
decrease in signal was observed for CK8 and CK18. CK5/6, CK14 and CK19 were present 
in the limbus, where a positive signal for CK3 was observed in the suprabasal and 
superficial cells only. CK15 appeared in the basal and suprabasal layers of the limbus. 
The perilimbal conjunctiva showed strong immunostaining for CK10/13, CK14 and 
CK19. A moderate signal for CK7 was detected in the superficial layers of the 
conjunctiva, as well as mRNA for CK7 was found in conjunctival epithelium using semi-
quantitative RT-PCR. qRT-PCR confirmed CK6 and CK18 expression in the corneal and 
conjunctival epithelium (all results from qRT-PCR were obtained by Mgr. Ales 
Neuwirth, Institute of Molecular Genetics AS CR, Prague). None of the detected CKs 
were expressed by keratocytes in the stroma. For more detailed results, please see 
appended publication 1. 
 
4.2 Detection of CK8 in the limbal basal cells 
We have detected CK8 positivity in limbal basal cells in 60% of the cadaverous 
corneo-scleral samples. Positive basal cells formed a single line or separated clusters. 
The signal for CK8 became weaker towards the surface of the limbal epithelium. The 
central corneal epithelium was positive for CK8 predominantly in the superficial and 
suprabasal layers, but some heterogeneous positivity was detected in the basal layer 
of several samples as well. In each specimen that contained positive limbal basal cells, 
the epithelium of the cornea was positive as well. Similarly, in most specimens in 
which CK8 was absent from the limbal basal cells, the epithelium of the central cornea 
was negative as well.  
Colocalization of CK8 with vimentin and CK15 in the limbus was also found. CK3 
showed only occasional positivity in some of the surface limbal cells. The expression of 
integrin α6 in the basal membrane was absent or decreased under the CK8-positive 
clusters. CK8 expression in the cornea, limbus and conjunctiva was confirmed using 
RT-PCR. For more detailed results, please see appended publication 2. 
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4.3 Detection of CK8 and CK18 in the healthy human endothelium  
Approximately 50% of the corneal endothelial cells were positive for CK8 
(Chemicon), CK18 (Sigma) and the CK pair 8/18 (Novocastra) in the endothelium when 
acetone was used for fixation. Four and 52% CK18-positive cells were observed using 
immunofluorescent and enzymatic immunohistochemistry, respectively, when the 
CK18 antibody provided by Dako was used. No signal was detected when 4% formalin 
or 10% paraformaldehyde was used as a fixative, irrespective of the antibody used.  
CK8 and CK18 proteins and mRNAs were detected in the endothelium of all tested 
corneas by Western blot or semi-quantitative RT-PCR, respectively. For more detailed 
results, please see appended publication 3. 
 
4.4 Detection of mesothelial markers (mesothelin, calbindin 2, HBME-1 
protein) in the healthy human cornea  
A strong signal for mesothelin was present in the corneal epithelium, while less 
intense staining was visible in the endothelium. Similarly, higher and lower mRNA 
levels were detected using qRT-PCR in the corneal epithelium and endothelium, 
respectively. HBME-1 antibody strongly stained the corneal endothelium and stromal 
keratocytes. A marked positivity was present in the corneal stromal extracellular 
matrix, while no staining was present in the sclera. Calbindin 2 was detected using 
immunohistochemistry and Western blot in the corneal epithelium, endothelium and 
stroma. Both cytoplasmic and nuclear staining for calbindin 2 were clearly visible on 
the epithelial and endothelial imprints. Intranuclear dots, probably representing an 
association with kinetochor and polar microtubules, were more readily detectable in 
superficial epithelial cells than in endothelial cells. qRT-PCR confirmed calbindin 2 
expression in epithelial and endothelial cells (all results from qRT-PCR were obtained 
by Mgr. Ales Neuwirth, Institute of Molecular Genetics AS CR, Prague). For more 
detailed results, please see appended publication 4. 
 
4.5 Cytokeratin expression in PPCD samples 
All used PPCD corneal specimens display areas of typical endothelial morphology, 
as well as areas consisting of two to six cell layers thickness with both flat endothelial-
like cells and epithelial-like polygonal cells with round nuclei and a large cytoplasm. 
Both of these morphologically distinct cell types showed strong immunostaining for 
CK7, CK19, CK8 and CK18, while weaker positive signals were observed for CK1, 
CK3/12, CK4, CK5/6, CK10, CK10/13, CK14, CK16 and CK17. PPCD endothelium was 
completely negative for CKs 2e, 9, 15, and 20. Focal positivity was detected in PPCD 
trabecular meshwork for CK4, 7 and 19. CK8 and CK18 were the only CKs expressed in 
the control endothelium. PPCD and control corneal epithelium displayed similar 
staining patterns. A distinct positivity for CK3/12, 4, 5/6, 10/13, 14, 16 and 17 was 
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observed in aberrant PPCD endothelium for the first time. For more detailed results, 
please see appended publication 5.*  
  
4.6 Collagen expression in the PPCD samples 
More than 50% of the PPCD specimens exhibited positivity for α1 and α2 collagen 
IV chains in the BME and the posterior stroma, while no staining was detected in these 
areas in control specimens. The signal for the α1 and α2 collagen IV chains was more 
intense in DM of PPCD corneas compared to controls and it was shifted from the 
stromal side (in control tissue) to the endothelial side of DM (in the patients). A less 
intensive signal in PPCD corneas for the α3 and α5 chains in DM and an accumulation 
of α3, α4 and α5 in the posterior stroma in diseased corneas were the only differences 
in staining for the α3 – α6 collagen IV chains. The α1 collagen VIII chain was detected 
on both the endothelial and stromal sides of DM in 90% of patients with PPCD, 
compared with a prevailing localization on the stromal side of DM in control corneas. A 
change in the localization of the α2 collagen VIII chain in DM from vertically striated 
features in control specimens to double line positivity in the DM of PPCD corneas and 
positive staining in the PCL of four patients were also detected. In three PPCD patients 
a fibrous pannus (abnormal layer located between the BME and Bowman layer), 
positive for α1, α2, α3, α5 collagen IV chains and α1 collagen VIII chain, was observed. 
For more detailed results, please see appended publication 6.* 
 
4.7 Detection of CK19 and X and Y chromosomes in endothelial cells of 
PPCD patient after repeat penetrating keratoplasty 
The pathological endothelium of the failed PPCD explant revealed strong positivity 
for CK19 using indirect fluorescent immunohistochemistry. In most CK19-positive cells, 
both X and Y chromosomes were simultaneously detected using FISH. The results 
clearly showed that the original abnormal endothelial cells of the patient (XY), had, 
within 3.5 years, totally overgrown the posterior corneal surface of the graft (XX). For 
more detailed results, please see appended publication 7.  
 
 
 
 
 
 
 
* Results published in Diploma thesis: S. Merjava, “The characterization of the corneal 
changes of posterior polymorphous corneal dystrophy patients”, 2007. Faculty of Science, 
Charles University, Prague. (in Czech)  
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5 DISCUSSION AND CONCLUSIONS 
The work and aims of my PhD thesis were predominantly addressed at describing 
the changes which occurred in patients suffering from PPCD. To do that the healthy 
human cornea had to be characterized first to have the possibility of comparing the 
situation under normal and pathological circumstances.  
 
5.1 Phenotypical characterization of the healthy human cornea 
Our results show that the control corneal, limbal and conjunctival epithelium 
express a wide spectrum of cytokeratins and that the corneal epithelium can be 
characterized as a primary nonkeratinizing stratified epithelium (no CK10 and weak 
CK1 positivity, strong CK3, 4, 5, 13 and 14 positivity), however the weak expression of 
some simple epithelial CKs (CKs 8 and 18) was also observed. Moreover, we are 
reporting for the first time the presence of CK6 in the corneal epithelium, which was 
confirmed using qRT-PCR as well (please, see appended publication 1).  
Interestingly we have shown a high expression of CK8 in the basal cells of the 
control limbus as well, which is retained during differentiation and migration of the 
limbal cells to the central cornea. It is very difficult to identify LESCs because no direct 
methods have been established up to now; similarly, no specific molecular markers 
have been discovered. Although CK expression alone is not sufficient to identify stem 
cells or progenitor TACs, the expression profile of several key cytokeratins (CK19, 
CK15) together with other known potential markers (ABCG2, p63, vimentin etc.) can 
be used for LESCs characterization (Budak et al., 2005; De Paiva et al., 2005; Schlötzer-
Schrehardt and Kruse, 2005; Watanabe et al., 2004). The possibility that CK8 may be a 
new marker for LESCs could be considered, but CK8 is present in abundance in half of 
the basal limbal epithelial cells; moreover, it is still present in elongated cells 
projecting from CK8-positive clusters up to the cells in the central corneal epithelium. 
As stem cells represent less than 10% of the total limbal basal cell population (Lavker 
et al., 1991), it is clear that CK8 is not a marker specific to LESCs only. The expression 
of CK8 is very important for normal cell signaling and cell-cycle regulation as well as 
for the migratory and invasive ability of cells (Ku et al., 2002; Raul et al., 2004; Toivola 
et al., 2001). The obtained data support our hypothesis that CK8 could still play some 
unidentified role in the activation of corneo-limbal cells and their proliferation and 
migration, but the exact relation between CK8 expression and the renewal of cells in 
the corneo-conjunctival area remains to be elucidated (please, see appended 
publication 2). 
 Besides the unambiguous presence of CK8 and CK18 in the control corneal 
epithelium (Kasper et al., 1992), their expression in corneal endothelium has been a 
matter of some controversy. In studies by Foets et al. (1990), Kasper et al. (1992) and 
Wollensak and Witschel (1996), an occasional positivity for CKs 8 and 18 in the control 
endothelium was observed. In contrast, no CK8 or CK18 expression was detected in 
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other studies (Cockerham et al., 2002; Kramer et al., 1992; Levy et al., 1995a). To 
provide evidence that CK8 and CK18 are expressed in the adult human corneal 
endothelium, we have used different fixation and processing methods prior to 
immunohistochemical analysis. In addition, we have confirmed our positive results 
obtained by immunohistochemistry at the mRNA level by RT-PCR and at the protein 
level by Western blot. Finally, our findings clearly demonstrated that most endothelial 
cells express CKs 8 and 18, and based on these results we can imply that the corneal 
endothelium shares some features with simple epithelia (please, see appended 
publication 3). Such knowledge may lead to a better understanding of the 
development and differentiation processes in the posterior corneal layers, including 
the type of progenitor cells involved.  
Since the development of the avian corneal endothelium was well established in 
the past, many investigators at first accepted a neural crest origin of the corneal 
endothelial cells in man as well (Bahn et al., 1984, Hayashi et al., 1986; Johnston et al., 
1979). Alternatively, some investigators have postulated that human corneal 
endothelium is only derived from mesenchymal tissues originating in the mesoderm 
(Risen et al., 1987). Later, the mesectoderm, the newly named ectomesenchyme, was 
proposed as the tissue from which the corneal endothelium together with DM 
develops, and whose exact origin was discussed (Sevel and Isaacs, 1988; Weston et al., 
2004). The current, newly accepted concept is that the corneal endothelium and 
keratocytes originate from both the neural crest and lateral plate mesoderm, which 
together form the periocular mesenchyme (Gage et al., 2005; Sowden, 2007).  
The fact that the mammalian endothelium originates from both neural and 
mesodermal cells (Gage et al., 2005; Sowden, 2007), may cause that the human 
corneal endothelium exhibits the distinctive phenotypical heterogeneity (Foets et al., 
1990; Foets et al., 1992a; Hayashi et al., 1986). Neuronal markers (neurofilaments, 
neural cell adhesion molecule, neuron specific enolase and S-100 protein), epithelial 
cell markers (CKs 8 and 18) as well as mesenchymal cell marker vimentin were 
detected in human corneal endothelial cells (Foets et al., 1990; Foets et al., 1992a; 
1992b; Hayashi et al., 1986; Risen et al., 1987; Shamsuddin et al., 1986).  
Because of the partially shared origin of mesothelial cells and human corneal 
endothelial cells, we have demonstrated that three other proteins, expressed 
constitutively in mesothelial cells, are expressed in the human cornea. In our recent 
study we clearly demonstrate that mesothelin, HBME-1 protein and calbindin 2, which 
are considered to be reliable markers of healthy and neoplastic mesothelium 
(Marchevsky, 2008; Miettinen and Kovatich, 1995), are abundantly expressed in the 
human cornea and extend the phenotypical heterogeneity of human corneal 
endothelial cells (please, see appended publication 4). 
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5.2 The alterations caused by posterior polymorphous corneal 
dystrophy 
The phenotypic diversity of the corneal endothelium is manifested by its instability 
in some endothelial pathologies, including PPCD or FECD, in which abnormal 
endothelial cells acquire characteristics of “fibroblast-like” or mostly “epithelial-like” 
cells (Boruchoff and Kuwabara, 1971; Hidayat and Cockerham, 2006; Johnson and 
Brown, 1978). As the largest group of PPCD patients in the world comes from the 
Czech Republic we had a very good opportunity to investigate the whole spectrum of 
changes which occurred in PPCD explants compared to control corneas. 
By investigating CK expression, we focused on characterizing these epithelial-like 
cells with the aim of improving our knowledge of PPCD pathogenesis. Besides 
immunostaining for CK7 and CK8/18, which had been previously observed in aberrant 
PPCD endothelium (Cockerham et al., 2002), we demonstrated that the abnormal 
endothelium of PPCD patients expresses a mixture of CKs, with CK7 and CK19 
predominating. Interestingly, we also detected CK3/12, the expression of which is 
normally restricted to the corneal epithelium (Moll et al., 1982), in all of the examined 
PPCD patients, suggesting that the aberrant endothelium formed during PPCD shares 
features of the corneal epithelium. The expression of the basal cell marker CK14 and 
the stratification marker CK4 may correlate with the ability of the pathologically 
altered endothelium to form multilayered structures, while the expression of the 
hyperproliferation-associated markers CK6 and CK16 (van der Velden  et al., 1999) may 
correlate with the proliferative capacity of these aberrant PPCD cells. Due to the weak 
positive signals for CK1 and CK10, markers for terminal differentiation and 
cornification (van der Velden et al., 1999) found in a few PPCD cells, we conclude that 
the altered cells are not already transformed into a distinct differentiated epithelial 
phenotype.  
In addition to the endothelium, we detected the epithelization of superficial cells 
in a PPCD trabecular meshwork, probably reflecting the capacity of the abnormal cells 
to migrate outwards from the cornea and to overgrow the surrounding tissues. This 
finding has a clinical implication because the overgrowth of abnormal cells may lead to 
closing of the iridocorneal angle and to an increase of intraocular pressure, which 
causes a secondary glaucoma (Cibis et al., 1977; Krachmer, 1985), (please, sees 
appended publication 5).  
We can conclude that in terms of CK composition, the aberrant PPCD endothelium 
shares features of both simple (CK7, 8, 18, 17, 19) and squamous stratified (CK4, 13) 
epithelium with a proliferative capacity (CK6 and 16). The pattern of CK expression 
found in the cells on the posterior surface of PPCD corneas is most probably related to 
a metaplastic process during which endothelial cells are shifted to endo-epithelial and 
epithelial phenotypes. The broad CK spectrum expressed in our PPCD patients is more 
likely a sign of the deranged maturation of an emerging metaplastic epithelium. 
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Despite extensive research of PPCD, the exact mechanism leading to the 
transformation of PPCD endothelium into cells with epithelial characteristics is still 
unknown and remains to be elucidated. It is not known if the alteration in CK 
expression is a more-or-less direct consequence of genetic changes or a secondary 
response to a more general deregulation, independent of genetic mutations. A non-
genetic explanation for the altered CK expression is suggested by the fact that there 
was no difference in CK composition between patients with mutations in different 
genes. On the other hand, one can imagine that deregulation of transcription factors 
can lead to the overexpression of broad CK spectrum. Another possible explanation 
could be that changes in BM composition may further lead to alterations in cytokeratin 
expression in adjacent cells (Kurpakus et al., 1992). Hence we have evaluated collagen 
IV and VIII composition in pathological PPCD corneas to be the main components of 
the BM and corneal extracellular matrix. 
Although morphological as well as functional changes in the endothelium and DM 
are the main features of PPCD (Boruchoff and Kuwabara, 1971; Hogan and Bietti, 1969; 
Rodrigues et al., 1980), we have also described changes in the composition of the BME 
and the anterior and posterior part of the stroma. The most striking difference 
identified was the presence of the α1 and α2 collagen IV chains in the BME of the 
central cornea and the posterior part of the stroma in PPCD corneas. Moreover, more 
intensive staining for α1 and α2 collagen IV chains and their localization on the 
endothelial side of DM were observed in diseased corneas when compared to their 
presence mostly on the stromal part of DM in control specimens.  
Because the localization of the α1 (IV) and α2 (IV) chains in cornea is normally 
restricted to the BM of the limbus and conjunctiva (Kabosova et al., 2007), i.e. areas 
with cells showing marked proliferative activity, their occurrence on the endothelial 
side of DM in PPCD patients may play a role in stimulating the proliferative activity of 
the aberrant endothelium. Additionally, an accumulation of the α1 (IV) and α2 (IV) 
chains as well as the α1 (VIII) and α2 (VIII) chains was observed in PCL. As collagen VIII 
is expressed in rapidly proliferating cells, such as different tumor cells and endothelial 
cells during angiogenesis (Paulus et al., 1991; Sage and Iruela-Arispe, 1990), it may 
happen that the proliferation of endothelial cells of PPCD patients is induced by the 
collagen VIII deposited in the PCL as well (please, see appended publication 6). 
We do not detect any correlation between changes in collagens IV or VIII 
expression and mutations in different genes. It was demonstrated previously that 
mutations in COL8A2 in PPCD corneas result in changes in the basement membrane 
composition (aberrant formation of DM), (Biswas et al., 2001) and that mutations in 
the TCF8 gene lead to the abnormal expression of α3 collagen IV chains (Krafchak et 
al., 2005). But our cases did not show pathogenic mutations in the COL8A2 gene 
responsible for PPCD2 either. All of our patients show a linkage to the PPCD1 locus on 
chromosome 20p11.2 (Gwilliam et al., 2005), except for one patient with a mutation in 
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ZEB1 gene (Liskova et al., 2007b). Changes in the collagen IV and VIII localization were 
detected without respect to the type of mutations in individual PPCD patients. 
Despite the high mitotic potential of diseased endothelium in PPCD, there are 
only a few reports on the recurrence of this disorder. So far only 12 cases have been 
clearly documented in literature, of which only three were examined by light and 
electron microscopy (Boruchoff et al., 1990; Krachmer et al., 1985; Sekundo et al., 
1994). On the basis of morphology it has been suggested that PPCD recurrence is 
caused by the migration of the host endothelium (Sekundo et al., 1994). However no 
proof has so far been provided for this hypothesis, thus the possibility still remains 
that the donor endothelium undergoes metaplasia triggered by unknown mediators 
present in aqueous humor. In order to find out the exact origin of these cells we have 
examined a sex-mismatched corneal button explanted from a PPCD patient by a 
combination of indirect fluorescent immunohistochemistry and FISH. The combination 
of these two methods allowed us to show that in PPCD, proliferation and migration of 
the original pathological endothelium from the host periphery into the donor graft 
may significantly contribute to corneal graft failure (please, see appended 
publication 7). There arises a question why not to transplant the cornea in its whole 
diameter with its peripheral part as well. However, this is not possible due to high 
number of antigen presenting cells located at the peripheral part of the cornea 
(Gillette et al., 1982). Some improvements may be reached by posterior lamellar 
techniques, which include deep lamellar endothelial keratoplasty and the more recent 
Descemet stripping endothelial keratoplasty (Pieramici and Afshari, 2006; Studeny et 
al., 2010). These methods have less postoperative complications, are less stressful for 
the patient, and most importantly, almost the whole endothelium with DM is 
replaced, greatly decreasing the possibility of recurrence. 
  
The pathology of PPCD is both very complex and polymorphous and despite 
enormous effort, the exact originating mechanisms of this illness remain unknown. 
Nevertheless, research and methodological progress is developing rapidly and in the 
next few years the mystery of PPCD will certainly be uncovered. 
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6 SUMMARY OF THE ACHIEVEMENTS 
The aims of the dissertation (chapter 1) were fulfilled and the major contributions 
can be summarized in the following points:  
 A whole spectrum of cytokeratins was detected in the adult human cornea, limbus 
and conjunctiva which allow us to better discern between healthy and 
pathological tissue. Corneal epithelium was characterized as primary 
nonkeratinizing stratified epithelium with the expression of some simple epithelial 
markers.  
 The strong expression of CK8 in limbal epithelial basal cells, which is maintained 
during the differentiation and migration of the limbal cells towards the central 
corneal epithelium, was described as a typical feature of a normal human 
corneo-scleral disc. 
 CK8 and CK18 (typical simple epithelia markers) were detected in adult human 
corneal endothelium of all specimens at both the protein and mRNA levels. This 
finding may contribute to the relatively easy transformation of an endo to 
epithelial phenotype. Moreover, we have shown that the results are highly 
dependent on the different fixation solutions and methodological processes used. 
 Proteins typical to the human mesothelial cell phenotype – mesothelin, calbindin 2 
and HBME-1 protein, were detected in the human cornea, especially in the 
endothelial cells. This extends the phenotypical heterogeneity of the corneal 
endothelium. 
 The spectrum of cytokeratins expressed in the abnormal endothelial cells on the 
posterior surface of the cornea in PPCD patients was determined. In terms of CK 
composition, the aberrant PPCD endothelium shares features of both simple and 
squamous stratified epithelium with a proliferative capacity. This abnormal CK 
expression may be related to the altered composition of collagen extracellular 
matrix of DM.  
 The increased expression of the α1, α2 collagen IV chains and α1 collagen VIII 
chain, and the change in their localization in DM, which may contribute to the 
increased endothelial proliferative capacity observed in PPCD patients, were 
described in PPCD corneas. 
 The origin of cells causing the recurrence of PPCD after keratoplasty surgery was 
established, it is caused by the overgrowth of the original diseased host 
endothelium into the donor graft.  
 The protocol for combined fluorescent immunohistochemistry with FISH was 
successfully prepared and could be used in future laboratory projects. 
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7 ISSUES FOR FUTURE RESEARCH 
Finally, the following steps can be taken to extend the work presented in this 
dissertation:  
 The exploitation of our results in the search for a specific LESCs marker could be 
useful for the selective and specific isolation of LESCs and their cultivation for 
future transplantations. 
 The phenotypical heterogeneity of the human corneal endothelium can further be 
enhanced by the detection of additional mesothelial, epithelial or neuronal 
markers. The achieved results could improve the methodological processes in the 
isolation, cultivation and grafting of endothelial cells.  
 Molecular techniques should be included for the evaluation of the exact 
mechanism leading to epithelial metaplasia in patients with PPCD. The cultivation 
and characterization of the abnormal endothelial cells from PPCD patients should 
be helpful.  
 The screening of oncogenes and tumor suppressor genes in the abnormal 
endothelial cells, as well as the characterization of the spectrum of proteins in the 
anterior chamber liquid of PPCD patients, could elucidate why these abnormal 
cells show some of the features of tumor cells (abnormal proliferation, migration, 
multilayer structures formation). 
 Mutations in genes or a complex of genes which are implicated in PPCD 
pathogenesis and which cause the illness should be determined using direct 
sequencing, next-generation sequencing or comparative genomic hybridization. 
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Summary. The aim of this study was to detect a
spectrum of cytokeratins (CK) present in the adult
human cornea, limbus and perilimbal conjunctiva. 
Cryosections from seven corneo-scleral discs were
fixed, and indirect immunofluorescent staining was
performed using antibodies directed against CK1-CK10
and CK13-CK20. The percentage of positive cells was
calculated in the epithelium of the cornea, limbus and
perilimbal conjunctiva. Quantitative real time RT-PCR
(qRT-PCR) was used to detect CK6 and CK18
expression in the corneal and conjunctival epithelium.
The most intense staining present throughout the
cornea was observed for CK3, CK5 and CK14; CK19
was found at the corneal periphery only. CK4 and
CK10/13 revealed mild to moderate positivity mostly in
the superficial layers of the cornea. The suprabasal cell
layers of all examined areas showed a strong positivity
for CK16. A heterogeneous staining pattern with a
centrifugal decrease in the signal was observed for CK8
and CK18. CK5/6, CK14 and CK19 were present in the
limbus, where a positive signal for CK3 was observed in
the suprabasal and superficial cells only. In contrast to
the cornea, CK15 appeared in the basal and suprabasal
layers of the limbus. The perilimbal conjunctiva showed
strong immunostaining for CK10/13, CK14 and CK19.
A moderate signal for CK7 was detected in the
superficial layers of the conjunctiva. qRT-PCR
confirmed CK6 and CK18 expression in the corneal and
conjunctival epithelium. 
The detailed characterization of the corneal, limbal
and perilimbal conjunctival epithelium under normal
circumstances may be useful for characterizing the
changes occurring under pathological conditions. 
Key words: Cornea, Epithelium, Cytokeratins,
Immunohistochemistry
Introduction
The cornea forms the outermost surface of the
human eye, transmits light into the inner eye and has a
refractive power of approximately 43 dioptres (Olsen,
1986). The cornea’s outer surface is bordered by
epithelium and its basal membrane, while its inner
surface is bordered by the corneal endothelium with the
underlying Descemet’s membrane. The widest central
part of the cornea is composed of the stroma
(extracellular matrix with scattered keratocytes). The
peripheral cornea continues through a transition zone -
the limbus (border of the cornea and sclera) - to the
conjunctiva and sclera. The conjunctiva consists of
stratified non-keratinizing epithelium and varies in
thickness and appearance from the eyelid margin to the
limbus (Nelson and Cameron, 2005).
The approximately 50 µm thick corneal epithelium
is composed of nonkeratinized, stratified cells. It
consists of five to six layers: a monolayer of columnar
basal cells, two or three layers of wing cells and two or
three layers of superficial cells. The differentiation
process requires about 7 to 14 days, and then the
superficial cells are desquamated into the tear film
(Hanna et al., 1961). The corneal epithelium is renewed
throughout life from basal cells and from a population of
limbal epithelial stem cells, which proliferate and
migrate centripetally to the central epithelium (Davanger
and Evenson, 1971; Thoft and Friend, 1983; Tseng,
1989; Chang et al., 2008). The epithelium of the eye
contributes to the maintenance of the optically smooth
eye surface, provides a barrier to external biological and
chemical insults and protects the ocular surface from
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microbial attack (Sack et al., 2001). 
Cytokeratins (CKs) are epithelial-specific
intermediate filaments, which are expressed in a tissue-
specific and differentiation-dependent manner (Moll et
al., 1982). CKs can be divided into two subfamilies:
acidic type I CKs 9-20 (the genes of which are present
on chromosome 17, except the gene for CK18, which is
located on chromosome 12) and neutral to basic type II
CKs 1-8 (whose genes are located on chromosome 12),
(Moll et al., 2008). Each CK is a product of a distinct
gene (Upasani et al., 2004). CKs are very stable,
relatively resistant to degradation and very antigenic
(Morgan et al., 1987). Their function is not only to
maintain the shape of a cell and to protect the cell from
mechanical stress, but they are also important for
differentiation and specialized functions, including
protection from apoptosis, stress and injury, the
intracellular transduction of signals and malignant
transformation (Oshima et al., 1996; Caulin et al., 2000;
Zatloukal et al., 2000; Kim et al., 2006). Some CKs,
particularly CKs 5, 7, 8/18, 19 and 20, exhibit
characteristic expression patterns in human tumors;
therefore, they have great importance in the
immunohistochemical diagnosis of carcinomas (Moll et
al., 2008). 
Simple epithelium expresses predominantly CKs 8,
18, 7, 17 and 19 (Leube et al., 1986; Moll et al., 2008);
additionally, CKs 7 and 19 are characteristic of glandular
epithelium (Ramaekers et al., 1987). The basal cell layer
of the stratified epithelium expresses CKs 5 and 14,
while the cells of the superficial layers express CKs 1
and 10 or 4 and 13, depending on the state of epithelial
keratinization and differentiation (Moll et al., 1982;
Morgan et al., 1987). CK6 and CK16 are typical of
hyperproliferative epithelium (van der Velden et al.,
1999; Franssen et al., 2004). CK15 is a basal
keratinocyte keratin and has been proposed as a potential
marker of stem cells in the hair follicle bulge (Lloyd et
al., 1995; Lyle et al., 1998; Liu et al., 2003) as well as in
limbal stem cells (Yoshida et al., 2006). 
Mutations in individual cytokeratin genes cause a
variety of human autosomal-dominant familial diseases,
in some of which ocular pathology has been described.
In the hereditary blistering skin disease epidermolysis
bullosa simplex, conjunctival and corneal blistering
occurs due to various point mutations in the CK5 and
CK14 genes (Coulombe et al., 1991; Lane et al., 1992;
Lin et al., 1994). In Meesmann’s corneal dystrophy,
mutations in the CK3 and CK12 genes cause
intraepithelial microcyst formation in the corneal
epithelium (Irvine et al., 1997). Mutations in the genes
for CKs 6, 16 and 17 or CKs 1 and 10 are associated
with congenital pachyonychia types I and II or with
bullous congenital ichthyosiform erythroderma,
respectively, where no known eye pathology has been
described (Chipev et al., 1992; Rothnagel et al., 1992;
McLean et al., 1994; Bowden et al., 1995; McLean et al.,
1995). Similarly, mutations in CK4 and CK13 are
associated with white sponge nevus, without eye
pathology (Richard et al., 1995; Rugg et al., 1995). No
disease-causing mutations in the human CK7, CK15,
CK19 or CK20 genes have yet been found (Owens and
Lane, 2004; Moll et al., 2008). 
The expression of CK3, which forms a dimmer with
CK12, is well documented in the corneal epithelium, and
both are believed to be cornea-specific (Moll et al.,
1982; Lauweryns et al., 1993a). CK4 is expressed in the
central cornea, CK13 in the peripheral cornea and CK19
in the peripheral cornea and in the basal cells of the
limbus and conjunctiva (Lauweryns et al. 1993a,b). In
the corneal epithelium CKs 7, 8, 11, 14, 16, 18 and 19/5
have been previously detected (Ross et al., 1995;
Cockerham et al., 2002). In the adult human corneal
endothelium, no CKs have been detected with the
exception of the CK pair 8/18 (Kasper et al., 1992;
Merjava et al., 2009).
The aim of this study was to determine, in detail, the
presence of CK1-CK10 and CK13-CK20 in healthy
human corneal epithelium, limbus and perilimbal
conjunctiva, which can help the characterization of
corneas under pathological conditions. 
Materials and methods
Specimens
The study followed the tenets set out in the
Declaration of Helsinki. Eleven corneo-scleral discs (11-
17 mm in diameter, age from 38 to 74, mean age of
55.1±14.1 years) not acceptable for transplantation
because of low endothelial density or positive serology
results of the donor, obtained from the Ocular Tissue
Bank Prague, were used. The time between death and
storage in liquid nitrogen did not exceed 24 hours. First,
seven corneo-scleral discs were dissected, snap frozen in
liquid nitrogen, embedded in Optimal Cutting
Temperature Compound and stored at -70°C. Tissues
were cryosectioned at a thickness of 7 µm, and four
slices were mounted per slide. Finally, four corneal and
conjunctival epithelial imprints on Biopore Millicell
membranes (MILLICELL®- CM, PICM 01250,
Millipore, Bedford MA) were used for the detection of
CK6 and CK18 by quantitative real time RT-PCR (qRT-
PCR) (total mRNA was isolated from cells on the
Millicell membranes). For CKs which are not expressed
in the cornea or conjunctiva, epithelia from breast skin
(for CK2e), skin from the palm of the hand and the sole
of the foot (for CK9, CK10), the mammary gland (for
CK17) and the stomach mucosa (for CK20) were used as
positive control tissues.
Indirect fluorescent immunohistochemistry
Seven different corneal samples were used to
prepare cryosections for indirect immunofluorescence.
Three cryosections on each slide were stained with a
single antibody. The fourth section was used as a
negative control (primary antibody omitted). Two
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independent experiments were performed. Sections were
fixed with cold acetone for 10 minutes, rinsed in
phosphate buffered saline (PBS) and then incubated with
the primary antibodies diluted in PBS containing 1 %
bovine serum albumin (BSA) for 1 hour at room
temperature. The following mouse monoclonal or goat
(CK1) antibodies and dilutions were used:
anticytokeratin 1 (1:250), anti-cytokeratin 3 (1:50), anti-
cytokeratin 5 (1:400), anti-cytokeratin 6 (1:20),
anticytokeratin 10 (1:50) (Santa Cruz Biotechnology,
Santa Cruz, USA); anticytokeratin 2e (1:10),
anticytokeratin 9 (1:15), anticytokeratin 16 (1:30),
anticytokeratin 17 (1:25) and anticytokeratin 20 (1:15)
(Acris Antibodies GmbH, Hiddenhausen, Germany);
anticytokeratin 4 (1:200) (Sigma, St. Louis, USA);
anticytokeratin 5/6 (1:40), anticytokeratin 7 (1:50),
anticytokeratin 10/13 (1:25), anticytokeratin 18 (1:50)
and anticytokeratin 19 (1:50) (DakoCytomation,
Glostrup, Denmark); anticytokeratin 8 (1:400),
anticytokeratin 14 (1:50) and anticytokeratin 15 (1:100)
(Chemicon International Inc., Temecula, USA). The
specimens were washed three times with PBS and
incubated with the appropriate secondary antibodies
(fluorescein isothiocyanateconjugated or rhodamine-
conjugated antimouse or antigoat IgG, Jackson
ImmunoResearch Laboratories, West Grove, USA) for 1
hour at room temperature. After rinsing in PBS the slices
were mounted with Vectashield - propidium iodide or
4,6diamidino2phenylindoldihydrochlorid (DAPI)
(Vector Laboratories, Inc. Burlingame, USA) to
counterstain the DNA within the nuclei. 
Specimen assessment
Slices were examined by fluorescent microscopy
using an Olympus BX51 (Olympus Co., Tokyo, Japan)
at a magnification of 100-400x. Images were taken
using a Vosskühler VDS CCD-1300 camera, (VDS
Vosskühler GmbH, Germany), and NIS Elements
software (Laboratory Imaging, Czech Republic) was
used for cell analysis. The corneal, limbal and perilimbal
conjunctival epithelia were evaluated separately. At least
300 epithelial and 100 endothelial cells directly
connected to DM were examined, and the percentage of
positive cells was calculated. To grade the intensity of
cell staining, a scale was used: N: negative, 1: mild, 2:
moderate, 3: intense, and 4: very intense staining. The
mean range was calculated from three sections and two
experiments.
Quantitative real time RT-PCR (qRT-PCR) 
Total RNA was isolated from four corneal and
conjunctival epithelial imprints on Millicell membranes
using Rneasy Plus Microkit (Qiagen, Hilden, Germany).
At least two corneal and conjunctival specimens were
used per experiment. RNA was reverse transcribed into
cDNA using SuperScript III Reverse Transcriptase
(Invitrogen, Carlsbad, CA) and random hexamers
followed by PCR amplification with Sybr green master
mix (Roche Diagnostics, Mannheim, Germany). The
following specific oligonucleotides for CK6, CK18 and
the housekeeping gene glyceraldehyde-3-phospate
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Table 1. Fluorescent immunhistochemistry of different cytokeratins (CK) in individual layers (basal, suprabasal, superficial) of healthy corneal, limbal
and perilimbal conjunctival epithelium.
CK type Cornea Limbus Conjunctiva
basal suprabas. superfic. basal suprabas. superfic. basal suprabas. superfic.
average % of positive cells / intensity
CK 1 21/1 26/1 26/1 N 10/1 16/1 N 15/1 15/1
CK 2e N N N N N N N N N
CK 3 52/2 66/2 91/3 N 28/2 8/1 N N N
CK 4 19/1 46/1 70/2 N 37/1 63/2 N 54/2 77/3
CK 5 51/2 51/2 54/2 24/2 46/2 47/2 28/2 43/2 47/2
CK 6 N 14/1 11/1 N 7/1 9/1 N N 9/1
CK 5/6 90/2 89/2 86/2 63/1 86/2 86/2 57/1 87/2 84/2
CK 7 N N N N N N N N 31/2
CK 8 34/1 45/1 69/2 42/1 38/1 56/2 19/1 30/2 56/2
CK 9 N N N N N N N N N
CK 10 N N N N N N N N N
CK 10/13 10/1 29/1 45/2 N 39/2 62/2 10/1 70/2 82/3
CK 14 70/2 69/2 52/2 87/2 63/2 46/2 83/3 66/2 56/2
CK 15 N N N 46/2 21/1 N 67/2 23/1 17/1
CK 16 33/1 78/2 61/2 N 12/1 N N 10/2 N
CK 17 N N N N N N N N N
CK 18 62/1 43/1 42/1 16/1 21/1 32/1 N N 26/1
CK 19 54/2* 55/1* 65/2* 63/2 59/2 83/3 71/2 59/2 88/3
CK 20 N N N N N N N N N
Number of cells stained: % (average percentage) / N: negative, 1: mild, 2: moderate, 3: intense, and 4: very intense staining. *: assessed from the
peripheral parts of the corneal epithelium.
dehydrogenase (GAPDH) were used: human CK6, sense
primer 5’ -agtttgcctccttcatcgac- 3’, anti-sense primer 5’ -
cagcagggtccactttgttt- 3’; human CK18, sense primer 5’ -
cctgctgtccgtgtccat- 3’, anti-sense primer 5’ -
ggaccggtagttggtgga- 3’; human GAPDH, sense primer 5’
-agc cac atc gct cag acac- 3’, anti-sense primer 5’ -gcc
caa tac gac caa atcc- 3’. The reactions were run in
triplicate on a LC480 thermocycler (Roche Diagnostics).
The gene expression for CK6 and CK18 was quantified
using a relative quantification model with efficiency
correction using the following formula: ratio = (Etarget) 
Ct
target (control-treated)/ (Eref) 
Ct ref (control-treated) according to
Pfaffl (2001). The efficiency for each gene was
estimated by the dilution calibration method. The sample
with the lowest cytokeratin expression was taken as the
calibrator (expression = 1), and the experiment was done
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Fig. 1. The presence of neutral to basic cytokeratins (CK1 - CK8) in the epithelium of the adult human central cornea, limbus and conjunctiva. Indirect
immunofluorescent staining was used. Scale bar: 50 µm.
in duplicate.
Results 
The results of the immunohistochemical analysis of
normal tissue stained with antibodies to various CKs are
shown in Table 1 and representative figures are
presented in Figs. 1, 2.
In the cornea moderate to intense positivity for CK3
was observed in most cells (70%; mean percentage from
the values obtained in the basal, suprabasal and
superficial layers). CK5, 5/6, 14 and 19 revealed
moderate positivity dispersed throughout the corneal
epithelium; CK5 was present in 52% of all detected
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Fig. 2. The presence of acidic cytokeratins (CK9 - CK20) in the epithelium of the adult human central cornea, limbus and conjunctiva. Indirect
immunofluorescent staining was used. Scale bar: 50 µm.
cells; CK5/6 was present in 88% of all detected cells.
CK6 revealed only mild positivity in 12% of the
suprabasal and superficial cells. CK14 was detected in
70% of cells located in the basal layer and in 52% of
cells of the superficial corneal layer. CK19 was present
in 58% of cells; however, the immunostaining occurred
mostly at the periphery of the cornea, while almost no
positivity was detected in the central part of the cornea.
A signal for CK16 was observed in all corneal epithelial
layers; the most intense staining and the highest
percentage of positive cells was present in the suprabasal
layer (78% of cells). CK4 and CK10/13 revealed mild to
moderate positivity in all corneal layers, where the
percentage of positive cells increased from the basal (19
and 10%, respectively) to the superficial layer (70 and
45%, respectively), but the immunostaining for CK10/13
was present only in the peripheral part of the corneal
epithelium. CK8 and CK18 were detected throughout all
the corneal epithelial layers, with the majority of CK8
positive cells in the superficial layer (69%) and the
highest number of CK18 positive cells in the basal layer
(62%). All corneal epithelial layers were mildly positive
for CK1. CK15 was expressed in a few epithelial basal
cells at the corneal periphery in two of seven specimens.
No staining for CK2e, CK7, CK9, CK10, CK17 and
CK20 was observed in any corneal specimen. No signal
was present in any of the negative controls for any of the
studied CKs (Fig. 3a, b, c). The staining for CK2e, CK9,
CK10, CK17 and CK20 is shown in the appropriate
positive controls (Fig. 3d-f).
The strongest positivity in the limbus was detected
for CKs 5, 5/6 and 14 (where the staining decreased
from the basal to the superficial layers) as well as CK19.
Heterogenous staining in each limbal layer was observed
for CKs 8 and 18 (mean 45% and 23%, respectively).
CK3 was present in 8% of the superficial and 28% of the
suprabasal cells, while the basal layer was negative. The
immunostaining declined from the border between the
cornea and limbus towards the conjunctiva, in which
staining for CK3 was negative. A signal in the
superficial and suprabasal layers was observed for CK4,
CK6, CK10/13 and CK1. CK16 was present in 12% of
the suprabasal cells. In contrast to its absence in the
cornea, CK15 appeared in the basal and suprabasal cells
of the limbus. 
The strongest positivity in the perilimbal conjunctiva
was detected for CK5, 5/6, 14 and CK19, for which the
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Fig. 4. Average relative expression of mRNA encoding cytokeratin 6
(CK6) and cytokeratin 18 (CK18) in four corneal and conjunctival
epithelium samples. Relative CK6 and CK18 expression was normalized
to GAPDH expression, and the sample with the lowest cytokeratin
expression was taken as the calibrator (expression = 1).
Fig. 3. Negative control (NC) of the corneal (A), limbal (B) and conjunctival (C) epithelium. Epithelia from breast skin for CK2e (D), skin from the palm
of the hand and the sole of the foot for CK9 (E) and CK10 (F) were used as positive control tissues (PC). Scale bar: 50 µm.
staining decreased from the basal to the superficial
layers, and for CK10/13, 4 and CK1, for which the
staining decreased in the opposite direction. CK16 was
present in 10% of the suprabasal cells. Heterogenous
staining in each conjunctival layer was observed for
CK8 (mean 35% of cells). In contrast to the cornea and
limbus, CK18 was detected only in the superficial layer
(26% of cells) of the conjunctiva. CK15 appeared in
each conjunctival layer, with the strongest positivity
seen in the basal cells. Unlike the cornea and limbus,
CK3 was absent throughout the whole conjunctival
epithelium.
Of all the tested CKs, only CK8 and CK18 were
present in the corneal endothelium in 46 and 23% of the
cells, respectively. None of the tested CKs was
expressed by keratocytes in the stroma. 
The expression of CK6 and CK18 was confirmed by
qRT-PCR. Relative CK6 and CK18 expression was
normalized to an endogenously expressed housekeeping
gene (GAPDH). Our data clearly showed the lower
expression of CK6 and the higher expression of CK18 in
both corneal and conjunctival epithelium (Fig. 4). 
Discussion
This study describes in detail the CK spectrum in the
human cornea, limbus and perilimbal conjunctiva. We
have found that the expression of CK3, a corneal
epitheliumspecific protein (Moll et al., 1982), decreases
centrifugally from the superficial to the basal corneal
layers. Moreover, we have found it in the suprabasal
cells and in a minority of the superficial limbal cells,
compared to the completely negative basal limbal cells.
The absence of CK3 from the basal limbal cells makes it
possible not only to distinguish between corneal and
limbal cells, as necessary for the diagnosis of limbal
stem cell deficiency (Donisi et al., 2003), but also
between basal cells and cells from the upper limbal
layers. This can be helpful for the subsequent separation
and identification of limbal epithelial stem cells.
CK19, as a minor cytoskeletal component of the
corneal epithelium, has been described as one of the
major components in the conjunctival epithelium
(Kasper et al., 1988; Elder et al., 1997; Kivelä and
Uusitalo, 1998; Pitz and Mol 2002; Schlotzer-Schrehardt
and Kruse, 2005). It exhibits the opposite direction in its
labeling gradient than does CK3. The CK19 expression
pattern through the central epithelium of the cornea is
still a matter of some controversy. Our and several other
studies have reported that CK19 is located in all layers
of the conjunctival and limbal epithelium and that its
presence decreases in the peripheral part of the cornea,
and finally disappears in the central corneal epithelium
(Kasper et al., 1988; Lauweryns et al., 1993a; Pitz and
Mol, 2002). On the other hand, a few studies have found
various numbers of CK19-positive cells in the central
cornea (Chen et al., 2004; Yoshida et al., 2006). These
differing results show that besides the methodological
approach used in tissue processing, different antibody
sensitivities or different fixation methods may contribute
to controversial results (Mygind et al., 1988). On the
other hand, we have seen no differences in staining for
CK4, 5, 6, 8, 14, 16 or 18 between non-blocked sections
and sections blocked in 2.5% BSA. It was postulated
that the condition of the tissue used, including the time
between death and processing of the tissue, may affect
cytokeratin expression (Di Iorio et al., 2005). In our
experiments the time between death and storage in liquid
nitrogen did not exceed 24 hours. 
More pronounced differences between the
superficial layer of the cornea and the conjunctiva were
found with CK7. This protein was intensely present
throughout the surface epithelial layer of the conjunctiva
yet absent from the superficial layer of the limbus and
cornea. This CK was previously described by Krenzer
and Freddo, (1997) only in goblet cells and by Elder et
al. (1997) in basal and suprabasal epithelial cells of the
central cornea. 
The simple epithelial cytokeratins CK8 and CK18
were detected in the central corneal epithelium as well as
in the limbal and conjunctival epithelium (confirmed
using qRT-PCR). From our broad CK spectrum, only
these two cytokeratins were detected in endothelial cells,
as was shown previously (Merjava et al., 2009). Lastly,
the simple epithelial cytokeratin CK17 was completely
negative in our experiments, in contrast to the results of
Elder et al., (1997) who found CK17 throughout the
whole corneal, limbal and conjunctival epithelium. This
could be explained by the different sensitivities of the
antibodies used in the two studies.
Stratified epithelia CKs revealed the same
expression pattern as was described by other authors
(Moll et al., 1982; Morgan et al., 1987; Kurpakus et al.,
1990). CK4 was detected predominantly in the
superficial cell layers and CK14, as a marker of
undifferentiated cells in stratified epithelia, mostly in the
basal cells of the central, limbal and conjunctival
epithelium, respectively. CK15, a minor cytoskeletal
component of stratified tissue (Moll et al., 1982), was
detected in the basal cells of stratified squamous
epithelia as well as in basal cells of the limbus and
conjunctiva (Lloyd et al., 1995). Previously, its
expression was described in hair follicle bulge cells in
the human scalp (Lyle et al., 1998). Our results support
the finding that CK15 is predominantly expressed in the
basal layers of the conjunctiva and limbus (Yoshida et
al., 2006; Figueira et al., 2007; Lyngholm et al., 2008),
an area where limbal epithelial stem cells occur, and thus
can be considered as a limbal epithelial stem cell marker. 
Herein we are reporting for the first time the presence of
CK6 in the corneal epithelium. Mild positivity was
found when a monospecific antibody against CK6 was
used, compared to the intense signal obtained using a
dual specific antibody against the CK pair 5/6. These
results indicate that the positivity observed using the
CK5/6 antibody was predominantly CK5 positivity. CK6
and CK16 were detected mainly in the suprabasal cells
of the corneal, limbal and conjunctival epithelium.
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Although CK6 and CK16 are among the cytokeratins
typical of proliferating cells, and we expected their
occurrence in the basal layer of the epithelium, their
presence in suprabasal cells is not unique (Sun et al.,
1984; Mansbridge and Knapp, 1987; van der Velden et
al., 1999). The expression of CK6 in the corneal and
conjunctival epithelium was confirmed using qRT-PCR.
From CK1 and CK10, which are typical of
keratinizing stratified epithelia (Moll et al., 1982), only
CK1 was detected in a low amount, predominantly in the
superficial cell layers of the corneal, limbal and
conjunctival epithelium, which confirms that corneal
epithelial cells are primarily nonkeratinized, but they do
differentiate and desquamate (Hanna et al., 1961). Using
an antibody against CK10 only, surprisingly no
positivity was detected, in contrast to the positivity
obtained using an antibody which detected CK10 and
CK13 together. It seems likely that this positivity was
the result of CK13 staining only, in agreement with the
nonkeratinized pattern of the corneal epithelium,
because CK13, together with CKs 4, 5 and 14, is typical
of nonkeratinising stratified epithelia such as the buccal
mucosa and alveolar mucosa (Clausen et al., 1986;
Sawaf et al., 1991).
Taken together, our results show that the corneal,
limbal and conjunctival epithelium express a wide
spectrum of cytokeratins and that the corneal epithelium
can be characterized as primary nonkeratinizing
stratified epithelium (no CK10 and weak CK1 positivity,
strong CK3, 4, 5, 13 and 14 positivity), but with the
expression of some simple epithelial CKs (CKs 8 and
18). 
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Cytokeratin 8 Is Expressed in Human Corneoconjunctival
Epithelium, Particularly in Limbal Epithelial Cells
Stanislava Merjava,1 Kristyna Brejchova,1 Amanda Vernon,2 Julie T. Daniels,2
and Katerina Jirsova1,3
PURPOSE. The purpose of this study was to investigate the
expression of cytokeratin (CK) 8 in the corneoconjunctival
epithelium.
METHODS. In 17 cadaveric corneoscleral discs and 3 other discs,
the presence of CK8 alone or CK8, together with CK3, CK15,
vimentin, and integrin 6, was investigated by using indirect
immunohistochemistry on radial cryosections. Four corneo-
scleral discs stored in organ culture were used for the prepa-
ration of tangential sections of the limbus and for the isolation
of limbal epithelial cells and their subsequent cultivation. CK8
expression was examined by RT-PCR in the corneal, limbal,
and conjunctival epithelium.
RESULTS. Sixty percent of the cadaveric corneoscleral samples
and all samples stored in organ culture revealed positivity for
CK8 in the basal epithelial layer of the limbus. Positive basal
cells formed a single line or separated clusters. The signal for
CK8 became weaker toward the surface of the limbal epithe-
lium. The colocalization of CK8 with vimentin and CK15 in the
limbus was also found. CK3 showed only occasional positivity
in some of the surface limbal cells. The expression of integrin
6 in the basal membrane was absent or decreased under the
CK8-positive clusters. Cell cultures revealed strong positivity
for CK8 in approximately 80% of the cultured cells, and CK8
expression in the cornea, limbus, and conjunctiva was deter-
mined by RT-PCR.
CONCLUSIONS. The study demonstrates the strong expression of
CK8 in limbal epithelial basal cells, which is maintained during
the differentiation and migration of the limbal cells toward the
central corneal epithelium. (Invest Ophthalmol Vis Sci. 2011;
52:787–794) DOI:10.1167/iovs.10-5489
The corneal epithelium is a rapidly regenerating, nonkera-tinized, stratified squamous epithelium that is continuously
renewed throughout life from basal cells of the epithelium and
from the population of limbal epithelial stem cells (LESCs),
which proliferate and migrate centripetally to the corneal ep-
ithelium.1–5 LESCs exhibiting high proliferative capacity are
located in the basal layer of the limbus, a highly vascularized
and innervated transition zone between the cornea and con-
junctiva. Unipotent LESCs undergo asymmetric self-renewal
cell division, in which one cell remains undifferentiated as a
stem cell, while the fast-dividing progenitor cell, referred to as
the transit amplifying cell (TAC), begins to divide and differ-
entiates into the suprabasal and superficial cells of the corneal
epithelium.6–9
LESCs are involved in the renewal of the corneal epithe-
lium, which is important, not only for sustaining the integrity
of the ocular surface, but also for the maintenance of visual
function.2,5 Despite extensive investigative effort, no definitive
marker that may be helpful in identifying and isolating LESCs is
known with certainty. Although cytokeratin (CK) expression
alone is not sufficient to identify stem cells or progenitor TACs,
the expression profile of several key cytokeratins (CK19,
CK15), together with other known potential markers (ABCG2,
p63), can be used to identify LESCs.9–12 Adhesion molecules
such as integrins can also play a role in the identification of
LESCs and TACs (especially a lack of 6 and 4 integrins in the
limbal area).13
CKs are intermediate filaments typical of epithelial cells,
which are expressed in a tissue-specific, differentiation-depen-
dent manner.14 A broad spectrum of CKs has been detected in
the corneal and limbal epithelium.15–17 Limbal basal cells do
not express CK3/12, which is a typical marker for advanced
corneal epithelial differentiation,14,18 although CK5/14, CK19,
and vimentin have been detected in such cells.13,16,18–21 CK15
was proposed to be a putative marker of stem cells in the hair
follicle bulge22 and a potential marker for LESCs and early
TACs.23,24
CK8 (together with CK18) is the major component of the
intermediate filaments of the simple and single-layered epithe-
lia found in the liver and mammary gland, among other tis-
sues.25,26 CK8 and CK18 are the first cytokeratins expressed
during embryogenesis, and the absence of CK8 causes midg-
estational lethality or colorectal hyperplasia and inflammation
in mice.27–29 The total amount of cellular CK8 and CK18 is
kept at a stable level under physiological conditions,14 whereas
the expression of both often increases during carcinogene-
sis.26,30 CK8 and -18 have a cytoprotective role against chem-
ical insults31 and modulate the cellular response to proapop-
totic signals.32–36 Their role in the regulation of the cell cycle
has already been described.37–40
Recently, it was shown that besides the presence of CK8
and -18 in the corneal epithelium,16 both CKs are expressed in
the corneal endothelium.41 Moreover, CK8 has been found in
human superficial conjunctival cells as well as scattered
throughout the mammalian conjunctival epithelium.42,43 In
this study, we report the strong expression of CK8 in the basal
cells of the limbus, which is also retained during the differen-
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tiation and migration of the limbal cells toward the central
cornea. The possible function of CK8 in the activation, prolif-
eration, and/or migration of limbal cells is not clear and re-
quires further investigation.
MATERIALS AND METHODS
Samples
The study was conducted according to the standards of the Ethics
Committee of the General Teaching Hospital and Charles University,
Prague, and adhered to the tenets set forth in the Declaration of
Helsinki. In total, 29 cadaveric corneoscleral discs (11–17 mm in
diameter; mean age, 57.5  17.4 years; range, 16–83) that were not
acceptable for transplantation because of low endothelial cell density
or a positive serology of the donor obtained from the Ocular Tissue
Bank, Prague, were used.
Twenty corneoscleral discs (mean age, 56.8  19.3 years) were
dissected, snap frozen in liquid nitrogen, embedded in OCT, and stored
at 70°C. The time between death and storage in liquid nitrogen did
not exceed 24 hours. Tissues were cryosectioned radially at a thickness
of 7 m, to evaluate the whole structure of the cornea, and four
sections were mounted per slide.
Four corneoscleral discs (mean age, 51.3  7.3 years) were stored
in organ culture in minimum essential medium with 2% fetal calf
serum, as described elsewhere,44 at 31°C for 8 to 9 days. After storage,
the corneas were divided, and half of each cornea was used for the
isolation of limbal epithelial cells and their subsequent cultivation. The
second half was divided into two quarters, which were frozen (70°C)
and sectioned (7 m) as tangential sections of the limbus, allowing
evaluation of the complex architecture of the limbal crypts.45
Five corneoscleral discs (mean age, 65.4  11.4 years) were used
for the preparation of corneal epithelial, limbal epithelial, and perilim-
bal conjunctival samples. Lamellar rectangular dissections of the limbal
and central corneal epithelial tissue (2 mm in diameter), both contain-
ing a minimum of underlying stromal tissue, were prepared with the
use of a diamond knife (depth, 100 m). The samples of perilimbal
conjunctiva were cut using corneal scissors. Immediately after prepa-
ration, the samples were placed in RNA stabilizer (RNAlater; Qiagen
GmbH, Hilden, Germany); mRNA was isolated and subsequently used
for semiquantitative reverse transcription polymerase chain reaction
(RT-PCR).
Primary Limbal Epithelial Cell Isolation and
Culture: Single-Cell Suspension Culture
Limbal epithelial cells (LECs) were cultured in corneal epithelial culture
medium (CECM) consisting of DMEM F12 (1:1) (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS), 1% antibiotic-antimy-
cotic solution (Invitrogen), 0.1 nM cholera toxin (Sigma-Aldrich Corp., St.
Louis, MO), 5 g/mL human recombinant insulin (Sigma-Aldrich) and 10
ng/mL epidermal growth factor (Invitrogen).
LECs were isolated from one-half of each corneal button or rim
after incubation in a 1.2 U/mL Dispase II (Stem Cell Technologies,
Inc., Vancouver, BC, Canada) solution at 37°C for 30 minutes. After
Dispase treatment, the tissue was transferred into a Petri dish on a
drop (200 L) of nonamimal trypsin enzyme (Tryple Select; Invit-
rogen-Gibco), epithelial side down, and then immediately inverted
so that the epithelial side was uppermost. The epithelial cells were
gently scraped from the limbal area with fine-pointed forceps. The
cells were collected in 1 mL CECM. The cell suspension was pi-
petted up and down on the tissue segment to disperse the cells and
then transferred into a T-25 tissue culture flask (Fisher Scientific,
Loughborough, UK) containing growth-arrested 3T3 mouse fibro-
blasts plated at a cell density of 7  105 cells/mL. The fibroblasts
had been growth arrested by treatment for 2 hours in Dulbecco’s
modified Eagles’ medium (DMEM; Invitrogen) supplemented with
10% newborn calf serum (Invitrogen), 1% antibiotic-antimycotic
solution (Invitrogen), and 4 g/mL mitomycin C (Sigma-Aldrich).
The cultures were incubated at 37°C and 5% CO2 in air. The culture
medium was changed three times a week, and the cultures were
passaged on reaching 80% to 90% confluence. At each passage
six-well plates and eight-chamber slides containing growth-arrested
3T3 mouse fibroblasts (2.6  105 cells/mL per well or 2.8  104
cells/mL per chamber) were seeded by LECs (700 LECs/well and
500 LECs/chamber, respectively).
Indirect Immunofluorescence on Radial Sections
Slices obtained from all corneoscleral specimens were stained with
anti-CK8 antibody, and each staining was performed in duplicate. A
negative control (primary antibody omitted) was included in every
slide. Immunohistochemistry on cryosections was performed, as de-
scribed previously.41 The mouse monoclonal antibody anti-CK8 (clone
4.1.18, 1:400; Millipore, Bedford MA) was used, and subsequently the
sections were incubated with the appropriate secondary antibody
(fluorescein isothiocyanate (FITC)–conjugated anti-mouse IgG; Jack-
son ImmunoResearch Laboratories, West Grove, PA).
Double-Staining on Radial and
Tangential Sections
Double-staining was performed on six different corneoscleral samples
(three were used for radial and three for tangential sections). After the
samples were fixed in cold acetone (10 minutes) and rinsed in phos-
phate-buffered saline (PBS), 5% donkey serum was applied. A mixture
of mouse anti-CK8 antibody (Millipore) and goat anti-CK3 (clone C-14,
1:50), anti-CK15 (clone A-13, 1:400), anti-integrin 6 (clone C-18,
1:40), or anti-vimentin (clone C-20, 1:100; all from Santa Cruz Biotech-
nology, Santa Cruz, CA) was applied to the sections in one step,
followed by a mixture of FITC-conjugated donkey anti-mouse IgG and
TRITC-conjugated donkey anti-goat IgG (Jackson ImmunoResearch
Laboratories). All antibodies were diluted in PBS as described by the
manufacturers.
Indirect Immunofluorescence on Cultivated Cells
Immunocytochemical staining was performed to localize CK8. In brief,
confluent corneal epithelial cultures were fixed in 4% paraformalde-
hyde in PBS at room temperature for 10 minutes and treated in
blocking solution (5% normal goat serum, Jackson ImmunoResearch
Laboratories). The blocking solution used for immunocytochemistry
was supplemented with 0.33% Triton X100 (Sigma-Aldrich) to perme-
abilize the cell membranes. The primary antibody (monoclonal mouse
anti-human CK8; Millipore) was applied for 1 hour at room tempera-
ture, followed by incubation with a secondary antibody conjugated
with fluorescent dye (Alexa Fluor 488 conjugated goat anti-mouse IgG,
Invitrogen) and mounted with antifade medium (Vectastain; Vector
Laboratories, Inc., Burlingame, CA).
Immunohistochemistry Assessment
Sections were examined by fluorescence microscopy (model BX51;
Olympus Co., Tokyo, Japan) and by an inverted microscope (Leica
Microsystems GmbH, Wetzlar, Germany) at a magnification of 100
to 400. The images were obtained with one of two cameras (VDS
CCD-1300QF; VDS Vosskühler GmbH, Osnabrück, Germany, or Jen-
optik ProgRes C12plus; Jenoptik; Laser.Optik.Systeme GmbH, Jena,
Germany) and produced with image-management software (NIS
Elements; Laboratory Imaging, Prague, Czech Republic). At least
300 cells of the central corneal, limbal, and perilimbal conjunctival
epithelium were examined, and the percentage of positive cells was
calculated. The following scale was used to grade the intensity of
cell staining: N, negative; 1, weak; 2, moderate; 3, intense; and 4,
very intense. The mean range was calculated from three sections
and two experiments.
Semiquantitative Reverse Transcription–Polymerase
Chain Reaction
Total RNA was isolated from the corneal, limbal, and perilimbal
conjunctival epithelium of five individual corneoscleral discs
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(RNeasy Plus Microkit; Qiagen). Six microliters of total RNA were
reverse transcribed into cDNA in a 20-L reaction mixture (Super-
Script III/RNase OUT Enzyme Mix; Invitrogen), according to the
manufacturer’s instructions. Subsequently, equal amounts of cDNA
from five individual samples were amplified with the following
specific oligonucleotides for CK8 and the housekeeping gene glyc-
eraldehyde-3-phospate dehydrogenase (GAPDH): human CK8, sense
primer 5-ATCAGCTCCTCGAGCTTCTC-3, anti-sense primer 5-TC-
TABLE 1. The Average Percentage of CK8-Positive Cells and the Intensity of the Signal in the Corneal,
Limbal, and Perilimbal Conjunctival Epithelium of 20 Corneoscleral Discs
Sample
Age
(y)
Basal Cells of the
Limbus*
Suprabasal and Superficial
Cells of the Limbus*
Corneal
Epithelium*
Perilimbal
Conjunctiva*
1 16 N 50/2 50/2 50/1
2 26 N N N N
3 29 N N N N
4 30 N 30/1 s 55/1 s 25/1 s
5 38 Line/3 60/2 80/3† 80/3
6 49 Line/3 50/2 85/3 s 50/2
7 49 Clusters/1 5/1 40/1 s 20/1 s
8 51 N N N N
9 59 N 5/3 s 40/1 N
10 61 Line/3 30/1 50/2† 80/2
11 66 Line/1 65/1 25/1† 25/1†
12 67 Line/1 50/1 35/1† 30/1†
13 68 N N N N
14 70 N N N N
15 73 Clusters/3 30/1 30/1 75/2
16 74 Line  clusters/3 20/2 10/2 s N
17 74 Line  clusters/4 50/2 d 80/3
18 77 Line/1 35/1 40/1 s 30/1
19 77 Clusters/3 60/2 70/2 80/3
20 82 Clusters/4 35/1 60/2† 80/3
N, negative; 1, mild; 2, moderate; 3, intense; and 4, very intense staining.
* Data shown are the average percent of positive cells/intensity.
† No or weak positivity in the basal layer; d, damaged; s, positivity in the superficial cells only.
FIGURE 1. Immunolocalization of CK8
in radial sections of the limbus and
cornea. CK8 expression in the limbus:
positive limbal basal cells forming clus-
ters (circles; a–c) or lines with clearly
visible elongated CK8-positive cells
projecting from the basal layer (ar-
rows; d, e); limbal specimen in which,
besides a basal line, CK8 is abundantly
present throughout the suprabasal and
superficial limbal layers (f). If the lim-
bal basal cells were positive for CK8
(g), the central corneal epithelium of
the same specimen was positive as
well (h). If CK8 staining was absent
from the limbal epithelium (i), the cen-
tral corneal epithelium of the same
specimen was negative also (j). Nega-
tive control of the limbus (k). Scale
bar, 10 m.
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CAGGAACCGTACCTTGTC-3; and human GAPDH, sense primer
5-AGCCACATCGCTCAGACAC-3, anti-sense primer 5-GC-
CCAATACGACCAAATCC-3. The number of PCR cycles for the
different primer pairs was 35 cycles for both CK 8 and GAPDH. Each
cycle consisted of denaturation for 25 seconds at 95°C, annealing
for 30 seconds at 65°C for CK 8, 60°C for GAPDH and elongation for
45 seconds at 72°C. PCR products were analyzed by ethidium
bromide–stained 2% agarose gel electrophoresis.
RESULTS
Indirect Immunofluorescence on Cadaveric
Corneoscleral Discs
The presence of CK8-positive cells in various locations of the
corneoscleral discs assessed using indirect immunohistochem-
ical fluorescence is shown in Table 1.
Sixty percent of the samples revealed weak to strong
positivity for CK8 in the cytoplasm of cells of the limbal
basal layer. Most of the positive basal cells were small, with
a high nuclear–cytoplasmic ratio, and formed clusters (Figs. 1a–c) or
showed continuous staining (positivity in a single line; Figs.
1d–f). In addition, positive elongated cells in the near vicin-
ity of CK8-positive clusters were detected in the suprabasal
layers of the limbal epithelium (Figs. 1d, 1e). Weak to
moderate positivity was detected in approximately 40% of
the surface cells of the limbus. In most specimens, the
intensity of the signal in the superficial cells was weaker
than the signal in the basal limbal layer. The central corneal
epithelium was positive for CK8, predominantly in the su-
perficial and suprabasal layers (Fig. 1h), but some heteroge-
neous positivity was detected in the basal layer of several
samples as well (Table 1). In each specimen that contained
positive limbal basal cells, the epithelium of the cornea was
positive as well (Figs. 1g, 1h; Table 1). Similarly, in most
specimens in which CK8 was absent from the limbal basal
cells, the epithelium of the central cornea was negative
(Figs. 1i, 1j). No signal was seen in any of the negative
controls (Fig. 1k).
Cells in the basal layer of the limbus showed positive stain-
ing for CK8/CK15 and CK8/vimentin in double-immunostained
radial sections (Fig. 2). On the other hand, only a few CK3-
positive cells were scattered in the superficial layer of the
FIGURE 2. Immunolocalization of CK8 with CK15, vimentin, CK3 or integrin 6 in the basal layer of the limbus on radial sections. CK8
(green, FITC) colocalized with CK15 (red, TRITC) and with vimentin (red, TRITC). CK3 (red, TRITC), in contrast to CK8, was completely
absent from the basal cells of the limbus, whereas a few suprabasal and superficial cells were CK3-positive. The expression of integrin 6
(red, TRITC) decreased in the areas where CK8-positive clusters occurred (arrows). Nuclei were counterstained with DAPI (blue). Scale bar,
10 m.
FIGURE 3. Immunolocalization of CK8
(green, FITC) and CK3 (red, TRITC) in
the central corneal epithelium. Nuclei
were counterstained with DAPI (blue).
Scale bar, 10 m.
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limbus, and no CK3-positive cells were present in the basal
layer of the limbus. In the CK3-positive central corneal epithe-
lium, CK8-positive cells were found as well (Fig. 3). Positive
staining for integrin 6 in the basal membrane decreased or
was absent in the area of the clusters of CK8-positive cells
(Fig. 2).
Indirect Immunofluorescence Staining of Corneas
Stored in Organ Culture
Strong positivity for CK8 in the basal cells of the limbus located
in the limbal crypts was detected in all tangential sections of all
corneoscleral samples. Elongated CK8-positive cells were de-
tected in the suprabasal layer of the limbus, and a strong signal
was observed in some superficial cells. Storage in organ culture
for 8 to 9 days led to a decrease in the number of epithelial
layers to one to three.
Double immunofluorescence staining of tangential sec-
tions showed positive staining for CK8/CK15 and CK8/
vimentin of cells in the basal layer of the limbal crypts. No
immunostaining for CK3 was present in the limbal crypts.
The most intensive staining for integrin 6 was observed in
the basal membrane of the limbus. The difference between
CK8-positive and integrin 6-negative areas was less appar-
ent than in radial sections (Fig. 4).
A strong signal for CK8 was detected in approximately 80%
of the cultured LECs. Most of these positive cells were small,
with a high nuclear–cytoplasmic ratio, but the signal was
retained in elongated cells as well (Fig. 5).
CK8 mRNA was found in the corneal, limbal, and perilimbal
conjunctival epithelium of all five corneoscleral discs, using
semiquantitative RT-PCR, as was GAPDH mRNA, which served
as an internal control. Representative results are shown in
Figure 6.
DISCUSSION
Our results clearly showed CK8 expression in the corneal,
limbal, and conjunctival epithelium. A strong signal for CK8
was detected, especially in the basal layer of the limbal epithe-
lium. Similar staining with respect to this location had been
shown for CK15 and -19.13,24 Most of our radial and all our
tangential sections revealed an intense signal for CK8 located
in the basal layer of the limbal crypts, which extended into the
suprabasal and superficial epithelial layers of the limbus and
cornea, where the signal intensity gradually decreased. The
location of the CK8-positive cells, which is in accordance with
the X, Y, Z hypothesis,4 indicates that the expression of CK8
FIGURE 4. The immunohistochemical localization of CK8 in tangential sections of corneas after storage in organ culture. CK8 (green, FITC)
colocalized with CK15 (red, TRITC) and with vimentin (red, TRITC) in the limbal crypts. The limbal epithelial cells were CK8 positive, whereas
no CK3 (red, TRITC) signal was detected in these cells. The difference between CK8-positive and integrin 6 (red, TRITC)-negative areas was less
apparent than in radial sections. Nuclei were counterstained with DAPI (blue). Scale bar, 10 m.
FIGURE 5. The immunohistochemical localization of CK8 in cell cul-
tures obtained from limbal epithelial cells (a, b). Scale bar, 10 m.
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probably persists during the differentiation process from LESCs
through TACs up to terminally differentiated corneal epithelial
cells. The explanation for the absence of CK8 in some speci-
mens could lie in the fact that radial sections from cadaveric
corneas were not obtained solely from the superior or inferior
areas (areas rich in limbal crypts)46 or that its absence reflects
a situation in which the basal limbal cells are in a quiescent
state and thus do not proliferate.
In the central cornea, CK8 immunostaining was located
predominantly in the superficial and suprabasal layers, where it
partially colocalized with the corneal differentiation marker
CK3. Occasional positivity in the basal layer of the central
cornea may be explained by the fact that these basal cells
proliferate, differentiate, and, in this way, participate in the
renewal of the central corneal epithelium.1,3 Moreover, we
have found CK8 in all layers of the perilimbal conjunctiva
(Table 1) and bulbar conjunctiva (data not shown). All the
obtained data support our idea that CK8 may be expressed in
activated basal cells that are ready to divide and differentiate.
Our hypothesis that CK8 expression persists during differ-
entiation was confirmed by its detection in cultured LECs
obtained from corneoscleral buttons after long-term storage. It
was found that most cells in LEC cultures are limbal rather then
corneal in phenotype (expressing CK19, 1 integrin, and
p63).47 This finding does not, however, prove that any of these
cultured cells are stem cells. It is likely that LEC cultures consist
of a heterogeneous population of LESCs and a gradient of
differentiated cells. Our results showed that both cells with a
high nucleocytoplasmic ratio as well as more differentiated
elongated cells with a larger cytoplasm in LEC sheets were
positively stained for CK8.
Regarding the localization of CK8 in the basal layers of the
limbus, we wanted to determine the phenotype of the CK8-
positive basal cells of the limbal epithelium using double-
staining immunohistochemistry. CK8 in the limbus was clearly
localized in the same cells as CK15 and vimentin, which are
accepted as potential stem cell markers.19,24 An inverse stain-
ing gradient was seen between CK8 and cornea-specific CK3
protein as well as between CK8 and integrin 6 in the limbus.
Integrin 6 (together with integrin 4) is a component of
hemidesmosomes, localized specifically to the basal membrane
of basal cells.48 It has been suggested that the lack of its
expression is an inherent feature of LESCs, reflecting their need
for independence, and could facilitate the migration of cells
derived from LESCs.9 Although we agree with this interpreta-
tion, it is at odds with the human study by Kim et al.,49 and
with the study by Pajoohesh-Ganji et al.50 in the mouse, which
showed that more adherent cells expressing elevated integrin
levels are more stemlike than cells expressing lower integrin
levels.
On the basis of all these facts, the possibility that CK8 is a
newly found marker for LESCs could be considered, but CK8 is
present in abundance in half of the basal limbal epithelial cells;
moreover, it is still present in elongated cells projecting from
CK8-positive clusters up to the cells in the central corneal
epithelium. As stem cells represent less than 10% of the total
limbal basal cell population,51 it is clear that CK8 cannot be
considered as a potential marker specific only for LESCs.
Much more interesting would be to elucidate the exact
function of CK8 in the human cornea, especially in the limbal
epithelium. Providing mechanical strength in the single layered
epithelia and interacting with desmosomes are the basic, but
not the only, functions of CK8 and -18. The expression of both
CKs increases the migratory and invasive ability of transfected
cells.52 They bind DNA, RNA as well as molecules that are
important in signal transduction.53–56 The CK8/18 pair plays an
important role in cell-cycle regulation through phosphoserine-
binding protein 14-3-3, which is a key regulator in signal-
transduction/cell-cycle checkpoint control.57 During the
S/G2/M phases, when cytokeratins become hyperphosphory-
lated, 14-3-3 binds to CK8/18 and, due to cdc25 (dual-specific-
ity phosphatase), remains free to dephosphorylate the cdc2/
cyclin B complex, thus cells come through the M-phase
checkpoint.54,58–60 The key role of CK8 in cell-cycle regula-
tion was demonstrated and confirmed in CK8-null mice, where
hepatic cells exhibited an altered cellular redistribution of
14-3-3 protein into the nuclei and its binding to cdc25. All this
leads to cell-cycle deregulation and finally, in the G2-phase, to
cell-cycle arrest.38,40
Although the expression of CK8 is very important for nor-
mal cell signaling and cell-cycle regulation,38,40 as well as for
the migratory and invasive ability of cells,52 its exact function
in the cells of the corneoscleral discs is not known yet. The
obtained data support our hypothesis that CK8 could play
some still unidentified role in the activation of cells and their
proliferation and migration. The signal for CK8 is retained in
cells during their differentiation, but the exact relation be-
tween CK8 expression and the renewal of cells in the corneo-
conjunctival area remains to be elucidated.
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FIGURE 6. Expression of cytokeratin
8 in five samples of limbal epithelium
(lim) and in three representative sam-
ples of corneal (cor) and perilimbal
conjunctival epithelium (con) deter-
mined by RT-PCR. GAPDH was used as
an internal control. NCo-negative con-
trol (reaction without sample cDNA), a
marker for internal contamination,
L-50-bp DNA ladder (25–1000 bp).
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a b s t r a c t
The aim of this study was to determine if cytokeratins (CKs) 8 and 18 – typical epithelial cell markers – are
constitutively expressed in adult human corneal endothelium. Cryosections, paraffin-embedded sections
and corneal endothelial imprints obtained from eleven adult human corneal discs not suitable for trans-
plantation were used. Different fixative solutions were applied before indirect immunofluorescent or
enzymatic staining was performed with antibodies against CK8 (Chemicon), CK18 (Dako and Sigma) and
CK8/18 (Novocastra). Semi-quantitative RT-PCR and Western blotting (mRNA or proteins were isolated
from Millicell membranes) were used to determine cytokeratin mRNA and protein levels. Approximately
50% of the corneal endothelial cells were positive for CK8 (Chemicon), CK18 (Sigma) and the CK pair 8/18
(Novocastra) in the endothelium when acetone was used for fixation. Four and 52% CK18-positive cells
were observed using immunofluorescent and enzymatic immunohistochemistry, respectively, when the
CK18 antibody from Dako was used. No signal was detected when 4% formalin or 10% paraformaldehyde
was used as a fixative, irrespective of the antibody used. CK8 and CK18 proteins and mRNAs were detected
in the endothelium of all tested corneas by Western blotting or semi-quantitative RT-PCR, respectively. We
detected both CK8 and CK18 in the endothelium of all specimens at both the protein and mRNA levels.
These results clearly demonstrate that cells of the corneal endothelium express CKs 8 and 18 and share
some features with simple epithelia.
 2009 Elsevier Ltd. All rights reserved.
1. Introduction
The endothelium, the innermost part of the cornea, is a mono-
layer of flat hexagonal cells which are essential for maintaining
corneal transparency through its dehydration (Waring et al., 1982).
Studies on fetal avian corneas showed that the corneal endothe-
lium is derived from neural crest cells that migrate during
embryogenesis into the primary mesenchyme, lining the optic cup
to form a more complex cell population – the secondary mesen-
chyme. The crest cells of the secondary mesenchyme migrate into
the eye in three waves and differentiate into the endothelium,
trabecular meshwork, and corneal keratocytes and contribute to
the development of the iris (Bahn et al., 1984; Johnston et al., 1979).
Since the development of the avian corneal endothelium is well
established, compared to the development of the corneal endo-
thelium in humans (Johnston et al., 1979), many investigators
accept a neural crest origin of the corneal endothelial cells in man
as well (Bahn et al., 1984; Hayashi et al., 1986). Sevel and Isaacs
(1988) found that the endothelium and Descemet’s membrane
develop from the posterior accumulation of stromal mesenchymal
cells. The term ‘‘mesenchymal cells’’ is used in their study only due
to its being commonly accepted terminology in embryology texts,
and in fact it is the mesectoderm (Sevel and Isaacs, 1988), the newly
named ectomesenchyme, whose exact origin is discussed (Weston
et al., 2004). Other investigators have postulated that human
corneal endothelium is derived from mesenchymal tissues origi-
nating from the mesoderm (Risen et al., 1987).
Although the posterior cell layer of the cornea is commonly
named ‘‘endothelium’’, this is a misnomer. The corneal endothe-
lium differs from true vascular endothelium not only by its origin,
but also by the absence of typical vascular endothelium markers
such as Weibel-Palade bodies and factor VIII, or vascular cell
adhesion molecule-1 (VCAM-1) (Foets et al., 1992a,b; Shamsuddin
et al., 1986).
Human corneal endothelial cells display an unusual combina-
tion of neurofilaments, neuronal markers (neural cell adhesion
molecule, neuron specific enolase and S-100 protein), the
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mesenchymal cell marker vimentin and probably epithelial
markers as well – cytokeratins (Foets et al., 1990, 1992a,b; Hayashi
et al., 1986; Risen et al., 1987; Shamsuddin et al., 1986).
Cytokeratins (CKs) are expressed in a cell type- and differentia-
tion-dependent manner (Moll et al., 1982). CK8 and CK18 are the first
cytokeratins expressed during embryogenesis (Jackson et al., 1980).
The absence of CK18 leads to a disruption of the keratin filament
network in the liver and pancreas, while the absence of CK8 is
incompatible with life (Baribault et al., 1993; Ku et al., 1995). Both CKs
have been found in simple epithelium, including corneal epithelial
cells, vascular endothelium and in the pleural and peritoneal meso-
thelium (Kasper et al., 1992; Pronk et al., 1993; Stosiek et al., 1990).
The total amount of cellular CK8 and CK18 is kept at a stable level
under physiological conditions (Moll et al., 1982), while the expres-
sion of both often increases during carcinogenesis (Oshima et al.,
1996; Trask et al., 1990). Moreover, the filament formation of CK8 and
CK18 may have implications for the induction of a transformed
phenotype in stratified epithelium, which may result in increased
invasive potential and tumorigenicity (Raul et al., 2004).
In human corneal endothelial cells, homogeneous immunos-
taining for CK18 and 19 and heterogeneous immunostaining for
CK7 and 8 was also shown previously by Foets et al. (1990);
however, the expression of CK7 and CK19 in healthy human corneal
endothelium was not confirmed in numerous subsequent studies
(Cockerham et al., 2002; Jirsova et al., 2007; Levy et al., 1995). The
expression of CK8 and CK18 in normal adult and fetal endothelium
is a matter of some controversy. In a study by Kasper et al. (1992),
Wollensak and Witschel (1996) as well as in our previous study,
which was focused primarily on the expression of CKs in the
corneas of patients suffering from posterior polymorphous corneal
dystrophy, an occasional positivity for CKs 8 and 18 in the control
endothelium was observed (Jirsova et al., 2007). In contrast, no CK8
or CK18 expression was detected in other studies (Cockerham et al.,
2002; Kramer et al., 1992; Levy et al., 1995). The heterogeneous
presence of CKs 8 and 18 was found in human corneal epithelium
(Kasper et al., 1992).
The phenotypic diversity of the corneal endothelium is man-
ifested by its instability in some endothelial pathologies, including
posterior polymorphous corneal dystrophy or Fuchs endothelial
corneal dystrophy, in which abnormal endothelial cells acquire
characteristics of ‘‘fibroblast-like’’ or mostly ‘‘epithelial-like’’ cells
(Boruchoff and Kuwabara, 1971; Hidayat and Cockerham, 2006;
Johnson and Brown, 1978). The condition characterized by a slow,
continuous loss of morphologically and physiologically altered
endothelial cells may eventually lead to corneal edema, as was
found in Fuchs endothelial corneal dystrophy (Adamis et al.,
1993).
As the presence of CKs 8 and 18 in healthy corneal endothelium
is a matter of controversy, the aim of this study was to definitively
determine the pattern of their expression in adult human corneas,
which is important for understanding the behavior of healthy as
well as pathological endothelial cells. Further, such knowledge may
lead to a better understanding of the development and differenti-
ation processes in the posterior corneal layers, including the type of
progenitor cells involved.
2. Materials and methods
2.1. Specimens
The study followed the tenets set out in the Declaration of
Helsinki. Eleven adult corneal discs (mean age 65.0  12.7 years)
not acceptable for transplantation because of low endothelial cell
count or a positive serology of the donor were obtained from the
Ocular Tissue Bank, Prague. The time between death and storage in
liquid nitrogen did not exceed 24 h.
Six corneal buttons were dissected into three parts: the first
third was snap frozen in liquid nitrogen, embedded in Optimal
Cutting Temperature Compound and stored at 70 C; the second
third was fixed in 10% paraformaldehyde in phosphate buffered
saline (PBS), dehydrated in alcohol and xylol and embedded in
paraffin. Tissue slices 7 mm thick were cut as cryosections and
5 mm thick as paraffin sections. Slides containing four slices were
used for indirect fluorescent or enzymatic immunohistochemistry.
The last third and an additional five corneas were used for
impression cytology of the endothelium (six imprints per cornea)
on Biopore Millicell membranes (MILLICELL-CM, PICM 01250,
Millipore, Bedford, MA). The membranes were then used for
indirect fluorescent immunohistochemistry, RT-PCR and Western
blotting.
2.2. Indirect immunofluorescence
2.2.1. Cryosections
Six different corneal samples were used to prepare cryosections
for indirect immunofluorescence. Three cryosections on each slide
were stained with a single antibody. The fourth slice was used as
a negative control (primary antibody omitted). Two independent
experiments were performed. The tissue was fixed with cold
acetone for 10 min, rinsed in PBS and incubated with the primary
antibody diluted in 1% bovine serum albumin (BSA) in PBS for 1 h at
room temperature. The following mouse monoclonal antibodies
and dilutions were used: anti-cytokeratin 8 (clone 4.1.18, 1:400,
Chemicon International Inc., Temecula, USA), anti-cytokeratin 18
(clone DC 10, 1:50, DakoCytomation, Glostrup, Denmark), anti-
cytokeratin 18 (clone CY-90, 1:800, Sigma, St. Louis, USA) and anti-
cytokeratin 8/18 (clone 5D3, 1:75, Novocastra Laboratories Ltd.,
Vision BioSystems, Newcastle, UK). Then the specimens were
washed three times in PBS and incubated with the secondary
antibody (fluorescein isothiocyanate-conjugated anti-mouse IgG,
1:500, Jackson ImmunoResearch Laboratories, West Grove, USA) for
1 h at room temperature. After rinsing in PBS the slices were
mounted with Vectashield-propidium iodide (Vector Laboratories,
Inc., Burlingame, USA) to counterstain nuclear DNA.
2.2.2. Endothelial imprints
Two endothelial imprints of each of six different corneas were
used for indirect immunofluorescence on Millicell membranes. The
Millicell membranes with endothelial imprints were released from
plastic holders (by treatment with acetone for 1 min) and placed
cell side up on round 12 mm coverslips. Then the cells were rinsed
in PBS and permeabilised in 0.2% Triton X-100. After washing, the
membranes were exposed to a blocking solution (2.5% BSA in PBS),
then incubated with the primary antibodies (as described above)
diluted in 0.1% BSA in PBS for 1 h at room temperature. The
membranes were washed, incubated with the secondary antibody,
mounted and counterstained as described above.
2.3. Enzyme immunohistochemistry
Paraffin-embedded specimens from six corneas were mounted
on slides (Superfrost Plus, Menzel GmbH & Co KG, Germany),
deparaffinized in xylene, rehydrated through a decreasing ethanol
gradient, and rinsed in distilled water. Antigen unmasking was
performed with 0.1% trypsin for CK8, CK18 (Sigma) and the CK pair
8/18 or with high pH Target Retrival Solution (DakoCytomation,
Glostrup, Denmark) for CK18 (Dako). After rinsing, the endogenous
peroxidase was blocked with 3% hydrogen peroxide for 30 min at
room temperature. The slides were washed and pretreated with
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protein blocking antigen (UltraTech HRB AEC Kit, Immunotech,
France) for 5 min. The same primary antibodies as described above
were used, then the slides were rinsed and incubated with a bio-
tinylated secondary antibody for 30 min at room temperature. After
washing in PBS the tertiary complex (streptavidin/horseradish
peroxidase) was applied for 30 min at room temperature.
Cytokeratin staining was visualized by 3-amino-9-ethylcarbazole
(Immunotech) for 1 min. The slides were rinsed in distilled water,
counterstained with Harris hematoxilin and mounted in Aquatex
medium (Merck KGaA, Germany). The same procedure was used for
the detection of CKs 8 and 18 in cryosections.
2.4. Immunohistochemistry assessment
The specimens were examined using an Olympus BX51 micro-
scope (Olympus Co., Tokyo, Japan) at a magnification of 200–400.
Images were taken using a Vosskühler VDS CCD-1300 camera
(VDS Vosskühler GmbH, Germany). At least one hundred endo-
thelial cells per section (300/slide), directly connected to Desce-
met’s membrane, were examined, and the percentage of positive
cells was calculated. The intensity of cell staining was graded using
a scale according to Diebold et al. (1997): 0: no discernible staining,
1: mild, 2: moderate, 3: intense, and 4: very intense staining.
2.5. Semi-quantitative reverse transcription polymerase
chain reaction
Total RNA was isolated from five corneas (two endothelial
imprints from each cornea on Millicell membranes) by means of TRI
Reagent (Molecular Research Center, Cincinnati, OH). Nine ml of total
RNA were reverse transcribed into cDNA in a 20 ml reaction mixture
using SuperScript II Reverse Transcriptase according to the manu-
facturer’s instructions (Invitrogen, Carlsbad, CA). The cDNA samples
of each individual RNA extraction were first normalized to yield equal
amounts of b-actin. Subsequently, equal amounts of cDNA from five
individual samples were amplified with the following specific
primers: human CK8, sense primer 50 – ATC AGC TCC TCG AGC TTC TC
– 30, anti-sense primer 50 – TCC AGG AAC CGT ACC TTG TC – 30; human
CK18, sense primer 50 – TCA GCA GAT TGA GGA GAG CA – 30, anti-
sense primer 50 – TCT GAC TCA AGG TGC AGC AG – 30; and b-actin,
sense primer 50 – GGC ATC CTC ACC CTG AAG TA – 30, anti-sense
primer 50 – AAG GTC TCA AAC ATG ATC TGG GT – 30. The number of
PCR cycles for the different primer pairs were 32 cycles for b-actin and
35 cycles for CKs 8 and 18. Each cycle consisted of denaturation for
25 s at 95 C, annealing for 30 s at 56 C for b-actin and 65 C for CKs 8
and 18 and elongation for 45 s at 72 C. PCR products were analyzed
by ethidium bromide stained 2% agarose gel electrophoresis.
2.6. Western blot analysis
Five corneas were used for analysis. To prepare whole-cell
extracts, endothelial cells on Millicell membranes were treated in
lysis buffer, containing 0.2% Triton X-100, 10% glycerol, 0.5 mM
EDTA, 1 mM dithiothreitol and protease inhibitors in PBS, followed
by centrifugation for 15 min at 14 000 g. The protein concentration
was determined using a commercial kit (BCA Protein Assay Kit,
Pierce, Rockford, USA). Equal volumes of protein extract and sample
buffer were mixed, reduced by 5% beta-mercaptoethanol, and
fractionated on 5–10% SDS-poly-acrylamide gels (Laemmli, 1970).
After electrophoresis was complete, the proteins were transferred
to nitrocellulose membranes (Serva Electroforesis GmbH, Heidel-
berg, Germany) and blocked with 5% non-fat dry milk in PBS
containing 0.05% Tween-20 (PBS-T) at 4 C overnight. After
washing in PBS-T, the membranes were probed with mouse and
rabbit antibodies against CK8 (1:1000, Chemicon), CK18 (1:1000)
and b-actin (1:2000, Abcam, Cambridge, UK) for 2 h at a room
temperature. After washing in PBS-T, the membranes were incu-
bated with ImmunoPure Peroxidase conjugated goat anti-mouse
or anti-rabbit IgG antibody (1:12 000) (Pierce Biotechnology,
Rockford, USA) with 1% BSA for 40 min at room temperature and
washed with PBS-T. Positive reactions were visualized using an
enhanced chemiluminescent technique with SuperSignal West
Femto Maximum Sensitivity Substrate kit (Pierce Biotechnology,
Rockford, USA) for 5 min and examined using a Syngene membrane
documentation system Chemigeniius-Q and GeneSnap program
(Synoptics Ltd., Cambridge, UK).
3. Results
3.1. Indirect immunofluorescence
The endothelium of all corneal cryospecimens formed a mono-
layer of flat cells attached to Descemet’s membrane. CK-positive
endothelial cells were scattered around the endothelial layer with
an irregular staining intensity. The mean percentage of endothelial
cells positive for CK8 was 54% with moderate intensity. Mild
staining for CK18 was observed in 4% and 66% of all endothelial cells
using antibodies from Dako or Sigma, respectively. Moderate
staining was observed for the CK pair 8/18 in 54% of endothelial
cells (Table 1), (Fig. 1A–D). Heterogeneous positive staining for both
CKs after acetone fixation was detected in the corneal epithelium
(data not shown), which served as a positive control. No signal was
detected in either the endothelium or the epithelium when 4%
formalin or 10% paraformaldehyde was used for fixation (data not
shown). No correlation between expression patterns and post-
mortem time was detected.
Table 1
Fluorescent immunhistochemistry of the expression of different CKs on cryosections and endothelial imprints of the corneal endothelium (CE).
CK type CE1 CE2 CE3 CE4 CE5 CE6 % of positive specimens (average percentage
of positive cells/average intensity)Cryosections Percentage of positive cells/intensity
CK8 (Chemicon) 35/1 30/2 80/2 55/2 68/2 55/1 100 (54/2)
CK18 (Dako) 1/1 2/1 6/1 1/1 12/1 1/1 100 (4/1)
CK18 (Sigma) 70/1 70/1 60/2 40/1 80/2 75/1 100 (66/1)
CK8/18 (Novocastra) 70/2 55/2 50/2 30/2 55/3 65/2 100 (54/2)
Endothelial imprints
CK8 (Chemicon) 75/1 80/1 50/2 50/2 47/3 20/2 100 (54/2)
CK18 (Dako) 20/1 1/1 10/1 10/1 7/1 2/1 100 (8/1)
CK18 (Sigma) 20/1 30/1 25/2 60/1 75/2 20/1 100 (38/1)
CK8/18 (Novocastra) 70/2 40/2 25/2 68/2 38/2 40/2 100 (47/2)
Number of cells stained: % (actual percentage)/0: no discernible staining, 1: mild, 2: moderate, 3: intense, and 4: very intense staining.
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Endothelium harvested on Millicell membranes formed
a monolayer of flat, mostly hexagonal cells with moderate posi-
tivity for CK8 in 54% and mild positivity for CK18 (Dako) in 8% of all
examined cells. The mean percentage of mild CK18-positive
(Sigma) cells reached 38%. The CK pair 8/18 showed moderate
positivity in 47% of endothelial cells (Table 1), (Fig. 1F–I). The
staining intensity and the distribution of individual CKs in the
endothelial cells were irregular. The majority of positive cells
accumulated in clusters in the endothelial monolayer without any
apparent preference for the central or peripheral zones of the
cornea. CK8 formed fibrils, especially under the cell membrane, and
copied the cell shape (Fig. 1F). CK18 formed a fibrillar network
between the nuclear and inner cell membranes (Fig. 1G).
3.2. Enzymatic immunohistochemistry
Moderate immunoreactivity for CK8 was detected in 71% of
endothelial cells. Anti-CK18 antibodies from both Dako and Sigma
showed moderate positivity in 52 and 70% of cells, respectively.
The CK pair 8/18 revealed moderate positivity in 49% of cells on
cryosections fixed in cold acetone (Table 2), (Fig. 2A–D).
We did not detect any immunoreactivity in the endothelium or
epithelium of paraffin-embedded specimens fixed with 10% para-
formaldehyde (Fig. 2E–H), acetone or 4% formalin (data not shown).
3.3. Semi-quantitative reverse transcription polymerase
chain reaction
CK8 and CK18 mRNAs were found in the endothelium of all five
corneas using semi-quantitative RT-PCR as was b-actin mRNA,
which served as an internal control. Representative results are
shown in Fig. 3.
3.4. Western blot analysis
We detected CK8, CK18 (Abcam) and b-actin proteins in the
endothelial cells of all the examined specimens (Fig. 4).
4. Discussion
To provide evidence that CK8 and CK18 are expressed in the
adult human corneal endothelium, we have used different fixation
and processing methods prior to immunohistochemical analysis.
In addition, we have confirmed the results at the mRNA level by
RT-PCR and at the protein level by Western blotting. We have
clearly shown that CK8 and CK18 are expressed constitutively in the
adult human corneal endothelium. Approximately 50% of endothe-
lial cells revealed positivity for CK8 and CK18 using immunohisto-
chemical approaches. The endothelial imprints allowed transversal
analysis of the endothelial cells and due to it was showed that
both CKs formed fibrils. This is in contrary to results published by
Raul et al. (2004), who described that CK8 is diffusely localized
within the cytoplasm, while the expression of CK18 is much more
extensive and it forms fibrils.
It was postulated previously that commercially available anti-
keratin antisera can show great variability with respect to reac-
tivity, quality and the methodological approach used (Mygind et al.,
1988). Our immunohistochemical experiments clearly confirm
these suggestions. Cryosectioned specimens, when acetone was
used as the fixative, were positive, but no immunostaining was
detected after 4% formalin or 10% paraformaldehyde fixation.
Similarly no positive immunostaining in the endothelium and
epithelium was found on paraffin-embedded sections with any of
the fixative solutions used, including acetone. Our results demon-
strate the widely divergent ability of two different antibodies to
detect CK18. Four to 8% positive cells were detected using anti-CK18
from Dako on cryosections and imprints, compared to 38–66%
Fig. 1. Indirect immunofluorescent staining of the adult human corneal endothelium. Expression of cytokeratins 8 and 18 on cryosections (A–E) and on endothelial imprints (F–J).
Immunostaining for CK8 (A, F), CK18 – Dako (B, G), CK18 – Sigma (C, H), the CK pair 8/18 (D, I), and the negative control (primary antibody omitted) (E, J). Scale bar represents 10 mm.
Table 2
Enzymatic immunohistochemistry of the expression of different CKs on cryosections of the corneal endothelium (CE).
CK type CE1 CE2 CE3 CE4 CE5 CE6 % of positive specimens (average percentage
of positive cells/average intensity)Percentage of positive cells/intensity
CK8 (Chemicon) 75/1 70/2 70/2 50/3 90/3 70/2 100 (71/2)
CK18 (Dako) 50/2 80/2 50/2 20/2 90/3 20/2 100 (52/2)
CK18 (Sigma) 60/2 95/2 75/3 20/2 90/3 80/2 100 (70/2)
CK8/18 (Novocastra) 50/2 70/2 50/2 5/1 50/2 70/2 100 (49/2)
Number of cells stained: % (actual percentage)/0: no discernible staining, 1: mild, 2: moderate, 3: intense, and 4: very intense staining.
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positive endothelial cells using anti-CK18 from Sigma. A similar
percentage (52–70%) was seen when enzymatic immunohisto-
chemistry was used; these results suggest that the Sigma CK18
antibody is better suited for detecting CK18 in the corneal endo-
thelium than the one from Dako. Our observation shows that
besides the methodological approach used in tissue processing,
different antibody sensitivities may have contributed to the
controversial results obtained in earlier studies. Different CK8 or
CK18 antibody binding behaviors have been found in various cell
types (Bosch et al., 1988; Kasper, 1991; Kasper et al., 1991). These
differences may be explained by the existence of conformation-
dependent epitopes or the existence of isoforms for individual
cytokeratin polypeptides (Kasper et al., 1992). As a result, it is
necessary to work with an enlarged antibody panel to avoid
misleading results in the immunolocalization of cytokeratin
proteins (Kasper, 1991).
In most of the experiments in which paraffin sections were used
for immunohistochemistry, no CK8 or CK18 was detected (Cock-
erham et al., 2002; Kramer et al., 1992; Levy et al., 1995). On the
other hand, Kasper et al. who stained for CKs 8 and 18 in both
cryosections and paraffin sections, localized these intermediate
filaments in the endothelium of specimens obtained from healthy
adult and fetal human corneas using formaldehyde-resistant anti-
bodies (Kasper et al., 1992). Similarly in the study performed by
Wollensak and Witschel (1996), CK18 was found in the adult
corneal endothelium but only in two of four specimens on paraffin
sections after formaldehyde fixation using the monoclonal anti-
body from Sigma. It seems likely that paraformaldehyde or
formalin fixation or the process of preparing paraffin-embedded
sections causes alterations in the antigen epitopes of CKs 8 and 18.
In contrast to our previous study (Jirsova et al., 2007) as well as to
studies performed by other authors (Cockerham et al., 2002; Levy
et al., 1995), in which no CKs besides CK8 and 18 were found in
control endothelium, Foets et al. (1990) detected a uniform or
occasional positivity for CKs 7, 8, 18 and 19.
The expression of CKs is dramatically changed in patients
suffering from corneal endothelial dystrophies, where the endo-
thelium displays signs of epithelialization (Boruchoff and Kuwa-
bara, 1971; Hidayat and Cockerham, 2006). Abnormal cells gain
Fig. 3. Expression of the cytokeratin 8 and 18 genes in the corneal endothelium (CE)
determined by RT-PCR. Beta actin was used as an internal control. NCo – negative control
(reaction without sample cDNA) a marker for internal contamination, L – ladder.
Fig. 4. Expression of cytokeratin 8 and 18 proteins in adult corneal endothelium (CE)
cells as determined by Western blotting. Beta actin was used as an internal control.
PCo – positive control (corneal epithelium).
Fig. 2. Enzymatic immunohistochemical staining of the adult human corneal endothelium for CK8 (A, E), CK18 – Dako (B, F), CK18 – Sigma (C, G) and CK pair 8/18 (D, H).
Immunostaining is present in the corneal endothelium when cryosections are used (A–D). No CKs are detected when paraffin-embedded sections are used (E–H). Scale bar
represents 10 mm.
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proliferative activity and express various CKs, including CK7, 19
and the CK pair 8/18 (Cockerham et al., 2002; Hidayat and Cock-
erham, 2006; Jirsova et al., 2007; Rodrigues et al., 1980). The
mechanisms that underlie the activation of diverse CK expression
under these pathological conditions have not yet been elucidated,
but it seems likely that it can be linked to the altered differentia-
tion of endothelial cell progenitors.
The function of CKs 8 and 18 in the corneal endothelium may be
connected with their cytoprotective role against chemical insults
and the modulation of the cellular response to proapoptotic signals.
Both CKs are dramatically reorganized during apoptosis; CK18 is
a target for caspase-mediated proteolysis. The occurrence of cyto-
keratins 8 and 18 in different cell types leads to resistance to TNF-a-
and Fas-mediated apoptosis; conversely, their loss causes a switch
in the Fas-activated death signaling pathway (Caulin et al., 1997,
2000; Gilbert et al., 2001, 2008; Inada et al., 2001). The occurrence
of these cytokeratins in the adult corneal endothelium may support
the immune privilege of the cornea and augment protection against
cytotoxic agents.
Whether the corneal endothelium is derived only from
mesenchymal tissue (Risen et al., 1987) or whether neural crest
cells participate on its development is a question open to discus-
sion. In any case, our study clearly demonstrates that the corneal
endothelium expresses, in addition to mesenchymal and neuronal
proteins (Hayashi et al., 1986; Shamsuddin et al., 1986), epithelial
cell markers as well.
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The goal of our study was to determine whether proteins typical of the human mesothelial cell
phenotype, such as mesothelin, HBME-1 (Hector Battifora mesothelial cell-1) protein and calbindin 2, are
expressed in the human cornea, especially in endothelial cells.
Cryosections and endothelial and epithelial imprints of sixteen human cadaverous corneoscleral discs
were used. The presence of proteins was examined using immunohistochemistry and Western blotting,
while mRNA levels were determined by qRT-PCR.
A strong signal for mesothelin was present in the corneal epithelium, while less intense staining was
visible in the endothelium. Similarly, higher and lower mRNA levels were detected using qRT-PCR in the
corneal epithelium and endothelium, respectively. HBME-1 antibody strongly stained the corneal
endothelium and stromal keratocytes. Marked positivity was present in the corneal stromal extracellular
matrix, while no staining was present in the sclera. Calbindin 2 was detected using immunohisto-
chemistry and Western blotting in the corneal epithelium, endothelium and stroma. qRT-PCR confirmed
its expression in epithelial and endothelial cells.
Three proteins expressed constitutively in mesothelial cells were detected in the human cornea. The
possible function of mesothelin in cellecell contact on the ocular surface is discussed. The presence of
HBME-1 protein in the endothelial layer may indicate a still unknown function that could be shared with
mesothelial cells of the pleura and peritoneum. The much more pronounced occurrence of calbindin 2 in
the corneal epithelium compared to fewer positive endothelial cells explains the higher turnover of
epithelial cells compared to the proliferatively inactive endothelium.
 2010 Elsevier Ltd. All rights reserved.
1. Introduction
The vertebrate corneal epithelium develops from the surface
ectoderm, while the corneal endothelium and keratocytes originate
from the lateral plate mesoderm and the neural crest, which
together form the periocular mesenchyme. A broad spectrum of
transcriptional factors is required for the appropriate differentia-
tion of the periocular mesenchyme to keratocytes and corneal
endothelial cells (Cvekl and Tamm, 2004; Gage et al., 2005; Kidson
et al., 1999; Reneker et al., 2000; Sowden, 2007).
The distinctive phenotypical heterogeneity of the human
corneal endothelium (Foets et al., 1990, 1992a; Hayashi et al., 1986)
may reflect the fact that the mammalian endothelium originates
from both neural and mesodermal cells, compared to the avian
endothelium, which is formed only by cells of neural crest cell
origin (Gage et al., 2005; Johnston et al., 1979; Sowden, 2007).
Human corneal endothelial cells express neural cell markers such
as neuron-specific enolase, S-100 protein, neuron cell adhesion
molecule and neurofilaments, in accordance with the crucial
participation of the neural crest in endothelial cell development
(Foets et al., 1992a, 1992b; Hayashi et al., 1986; Shamsuddin et al.,
1986). In addition, epithelial cell markers e cytokeratins 8 and
18 e have been detected immunohistochemically in normal
endothelium, and subsequently the constitutive expression of both
cytokeratins was confirmed using a molecular biology approach
(Foets et al., 1990; Merjava et al., 2009). On the other hand, the
absence of markers typical of the vascular endothelium such as
factor VIII, VCAM and PECAM (CD 31) in human corneal endothelial
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cells (Foets et al., 1992b; Scheef et al., 2007; Shamsuddin et al.,
1986; Treseler et al., 1985e1986) clearly demonstrates that the
term endothelium, although widely used for the posterior cells of
the cornea, is a misnomer (Shamsuddin et al., 1986).
Of the mesothelial cell markers, vimentin is present in human
corneal endothelium (Foets et al., 1990; Hayashi et al., 1986; Risen
et al., 1987), but this protein is observed in a number of various
cell types of mesodermal origin, including different epithelia as
well as the vascular endothelium, and thus cannot be considered as
a protein specific only for mesothelial cells (Blose and Meltzer,
1981; Celis et al., 1983).
Because of the partially shared origin of mesothelial cells
and human corneal endothelial cells, we expected that some of
the markers typical of mesothelial cells may be expressed by the
corneal endothelium. Moreover, endothelial cells are located on the
basal membrane on one side and are in contact with the aqueous
humor of the anterior chamber on the other, thus they occupy
a similar location as do typical mesothelial cells in the pleura or
peritoneum; one may expect a sharing of some phenotypical
markers between the two cell types due to their similar roles, at
least in terms of fluid movement between a tissue and a cavity.
Little is known about mesothelial cell markers and their pres-
ence in the adult human cornea. We have therefore chosen meso-
thelin, HBME-1 (Hector Battifora mesothelial cell-1) protein and
calbindin 2, proteins typically expressed in the mesothelium
(Ko et al., 2001; Miettinen and Kovatich, 1995; Ordonez, 2003a),
and studied their presence and expression in different corneal
layers, focusing on endothelial cells.
Mesothelin (MSLN) is a membrane-bound peptide, which is
physiologically expressed in mesothelial cells lining the pleura,
pericardium and peritoneum; limited immunoreactivity is man-
ifested in various epithelial cells. Its biological function is not
known (Chang and Pastan, 1996; Chang et al., 1992; Ordonez,
2003a). However, mesothelin is strongly expressed in malignant
mesotheliomas as well as in various carcinomas and adenocarci-
nomas; it may be released from cell membranes, and a soluble form
has been detected in the serum of mesothelioma patients
(Hellstrom et al., 2006; Ordonez, 2003a, 2003b).
The protein to which the HBME-1 antibody reacts is still
unidentified. HBME-1 antibody reacts strongly to mesothelial cells,
especially in the pleura and peritoneum. The antibody was raised
against cultured mesothelioma cells, and because it neither
immunoblots nor immunoprecipitatates, the antigen has remained
unidentified (personal communication H. Battifora in Miettinen
and Kovatich, 1995). Due to its overexpression in various
neoplastic epithelial cells, this unknown protein nonetheless serves
as a useful marker in the differential diagnosis of epithelial meso-
thelioma on one hand and sarcoid mesothelioma or adenocarci-
noma on the other (Dahlstrom et al., 2001; Miettinen and Kovatich,
1995). It is located both in the cytoplasm and plasmatic membrane
of mesothelioma cells, where a thick brush pattern indicates the
presence of this protein in some of the microvilli (Battifora and
McCaughey, 1995; Miettinen and Kovatich, 1995; Ordonez, 1997).
The third protein that we studied is a 29-kDa calcium-binding
protein, calbindin 2 (CALB-2), known as calretinin as well. Together
with calbindin 1, calmodulin, parvalbumin, S-100 protein and
troponin C, calbindin 2 is a member of the troponin C large
superfamily characterised by a structural motif described as the
EF-hand (Baimbridge et al., 1992; Persechini et al., 1989). This
protein was originally cloned from the chick retina, and it is
abundantly expressed in the neurons of the central and peripheral
nervous systems (Rogers, 1987; Rogers et al., 1990), including
murine corneal sensory neurons (Felipe et al., 1999). Outside of
neurons, it is typically found in mesothelial and mesothelioma cells
as well as in various other cell types (Al Moghrabi et al., 2007;
Doglioni et al., 1996; Ko et al., 2001; Marchevsky, 2008). The
function of calbindin 2 is not fully understood, but it is thought to
act as a buffer to prevent abnormal intracellular calcium increases
(Rogers, 1987; Rogers et al., 1990). Its presence protects neuronal
cells against various types of injury (Lukas and Jones, 1994). In
addition, this protein was localized by Gotzos et al. (1992) in both
the cytoplasm and the cell nuclei in phase G1 and during mitosis in
human adenocarcinoma cells, where it associates with the kinet-
ochor and polar microtubules. This localization indicates a role in
spindle microtubule stability and chromosome separation (Gotzos
et al., 1992).
None of the above mentioned proteins has yet been described in
the cornea, other than the presence of calbindin 2 in mouse
neurons (Felipe et al., 1999). In the present study, we determined
the presence and expression of these proteins throughout the
cornea as well as in the limbus and adjacent conjunctiva.
2. Methods
2.1. Specimens
The study followed the ethical standards of the Ethics
Committee of the General Teaching Hospital and Charles University,
Prague, and adhered to the tenets set out in the Declaration of
Helsinki. In total, sixteen adult corneoscleral discs (9 men and
7 women; mean age 62.3  13.9 years) not acceptable for trans-
plantation because of low endothelial cell density or a positive
serology of the donor were obtained from the Ocular Tissue Bank
Prague. One cadaverous peritoneum, which was used as a positive
control, was retrieved from the Institute of Forensic Medicine and
Toxicology of the First Faculty of Medicine and General University
Hospital, Prague.
Five corneal buttons were dissected and snap frozen in liquid
nitrogen, embedded in Optimal Cutting Temperature Compound
and stored at 70 C. Four 7 mm thick cryosections were placed per
slide and used for indirect fluorescent or enzymatic immunohis-
tochemistry. Three corneas were used for impression cytology of
the endothelium and epithelium (two imprints of each per cornea)
on Suppor-200 Membrane Disc Filters (Suppor-200, P/N 60298,
Pall Corporation, Michigan) and subsequently used for indirect
fluorescent or enzymatic immunohistochemistry.
Six corneas were used for impression cytology of the endothe-
lium and corneal epithelium on Biopore Millicell membranes
(MILLICELL e CM, PICM 01250, Millipore, Bedford MA). After the
rest of the endothelium, epithelium and limbus were removed, the
native stromal tissue was processed. All these samples were frozen
and subsequently used for the detection of mesothelin and
calbindin 2 by Western blotting and qRT-PCR (proteins and
mRNAs were isolated from cells on the Millicell membranes
and from stromal tissue). Additionally, two Descemet’s mem-
braneeendothelium lamellae with supporting stromal tissue
(Studeny et al., 2009), not acceptable for grafting, were used for
immunohistochemistry to detect HBME-1 protein and mesothelin
in a fully confluent endothelial mosaic. The time between death and
storage in liquid nitrogen for all these samples did not exceed 24 h.
2.2. Indirect immunofluorescence
2.2.1. Cryosections
Three sections on each slide were stained with a single antibody,
and the fourth section was used as a negative control (primary
antibody omitted); this negative controlwas included on every slide.
Immunohistochemistry on cryosectionswas performed as described
previously (Merjava et al., 2009). The following mouse or goat
monoclonal antibodies and dilutions were used: anti-mesothelin
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(clone K1, 1:50), anti-calretinin (calbindin 2, clone N-18, 1:75, Santa
Cruz Biotechnology, Santa Cruz, USA) and anti-human mesothelial
cell protein (clone HBME-1, 1:50, DakoCytomation, Glostrup,
Denmark). Subsequently, the sections were incubated with
the appropriate secondary antibody (fluorescein isothiocyanate-
conjugated or rhodamine-conjugated anti-mouse or anti-goat IgG,
Jackson ImmunoResearch Laboratories, West Grove, USA).
2.2.2. Endothelial and epithelial imprints
Suppor-200 membranes were first moistened with 10 ml of
distilled water and placed on the endothelial or epithelial surface of
the cornea for 5 s. The primary imprints were reprinted onto slides
(Superfrost Plus, Menzel GmbH & Co KG, Germany). After fixation in
cold acetone for 10 min, the cells were rinsed in PBS and per-
meabilized in 0.2% TRITON X-100 and rinsed. Subsequently, the
immunostaining was performed as described above.
2.3. Enzyme immunohistochemistry
2.3.1. Cryosections
The tissue was fixed with cold acetone for 10 min, rinsed with
PBS and the endogenous peroxidase was blocked with 3% hydrogen
peroxide for 5min at room temperature. The slides were pretreated
with protein blocking antigen (UltraTech HRB AEC kit, Immunotech,
France) for 5 min and then incubated with the primary antibody (as
listed above) diluted in PBS containing 1% BSA for 1 h. The bio-
tinylated secondary antibody and subsequently the tertiary
complex (streptavidin/horseradish peroxidase) were both applied
for 30 min. The immunostaining reaction was detected using
3-amino-9-ethylcarbazol for 1 min (Immunotech). The slides were
rinsed in distilled water, counterstained with Harris hematoxilin
and mounted in Aquatex medium (Merck KGaA, Germany).
2.3.2. Endothelial and epithelial imprints
The immunohistological protocol for endothelial and epithelial
imprints (cells from Suppor-200 membranes reprinted on
Superfrost slides) was the same as for enzymatic immunohisto-
chemistry on cryosections, with the addition of a permeabilization
step in 0.2% TRITON X-100 between the first rinsing in PBS and
blocking with 3% hydrogen peroxide.
2.4. Immunohistochemistry assessment
The specimens were examined using an Olympus BX51 micro-
scope (Olympus Co., Tokyo, Japan) at a magnification of
200e1000. Images were taken using a Vosskühler VDS CCD-1300
camera (VDS Vosskühler GmbH, Germany) and JENOPTIK ProgRes
C12plus (Jenoptik, Laser. Optik. Systeme GmbH, Jena, Germany). At
least three hundred epithelial cells per section (900/slide) and one
hundred endothelial cells per section (300/slide), directly
connected to Descemet’s membrane, were examined, and the
percentage of positive cells was calculated. The intensity of cell
staining was graded using a scale: 0: no discernible staining, 1:
weak, 2: moderate, 3: intense, and 4: very intense staining. The
presence of each protein was determined as well in the limbus and
adjacent perilimbal conjunctiva.
2.5. Western blot analysis
Six corneas were used for analysis. To prepare whole-cell
extracts, the stroma, epithelial and endothelial cells on Millicell
membranes were treated in lysis buffer, containing 0.2% Triton
X-100,10% glycerol, 0.5mMEDTA,1mMdithiothreitol and protease
inhibitors in PBS, followed by centrifugation for 15 min at 14 000g.
The protein concentration was determined using a commercial kit
(BCA Protein Assay Kit, Pierce, Rockford, USA). Equal volumes of
protein extract and sample buffer were mixed, reduced by 5% beta-
mercaptoethanol, and fractionated on 5e10% SDS-poly-acrylamide
gels (Laemmli, 1970). After electrophoresis was complete, the
proteins were transferred to nitrocellulose membranes (Serva
Electroforesis GmbH, Heidelberg, Germany) and blocked with 5%
non-fat dry milk in PBS containing 0.05% Tween-20 (PBS-T) at 4 C
overnight. After washing in PBS-T, the membranes were probed
with mouse and goat antibodies against mesothelin (clone K1,
1:300), calretinin (calbindin 2, clone N-18, 1:500, Santa Cruz
Biotechnology, Santa Cruz, USA) and b-actin (1:2 000, Abcam,
Cambridge, UK) for 2 h at room temperature. After washing in
PBS-T, the membranes were incubated with ImmunoPure perox-
idase conjugated goat anti-mouse antibody (1:12 000), (Pierce
Biotechnology, Rockford, USA) or peroxidase conjugated rabbit
anti-goat antibody (1:8 000, Invitrogene Corporation, Camarillo,
USA) with 1% BSA for 40min at room temperature andwashedwith
PBS-T. Positive reactions were visualized using an enhanced
chemiluminescent technique with SuperSignal West Femto
Maximum Sensitivity Substrate kit (Pierce Biotechnology, Rockford,
USA) for 5 min and examined using a Syngene membrane docu-
mentation system Chemigeniius-Q and GeneSnap program
(Synoptics Ltd., Cambridge, UK).
2.6. Quantitative real time RT-PCR (qRT-PCR)
Total RNA was isolated from imprints of the corneal epithelium
and endothelium on Millicell membranes and from stromal
samples using an Rneasy Plus Microkit (Qiagen, Hilden, Germany).
RNA was reverse transcribed into cDNA using SuperScript III
Reverse Transcriptase (Invitrogen, Carlsbad, CA) and random hex-
amers followed by PCR amplification with Sybr green master mix
(Roche Diagnostics, Mannheim, Germany). The following specific
oligonucleotides for mesothelin, calbindin 2 and a houskeeping
gene glyceraldehyde-3-phospate dehydrogenase (GAPDH) were
used: human mesothelin, sense primer 50-gaa tgt gag cat gga ctt
gg-30, anti-sense primer 50-acg tgg ggt ccc aga agt-30; human
calbindin 2, sense primer 50-ttc agg gca tga agc tgac-30, anti-sense
primer 50-tca tgc tcg tca atg tag cc-30; human GAPDH, sense primer
50-agc cac atc gct cag acac-30, anti-sense primer 50-gcc caa tac gac
caa atcc-30. The reactions were run in triplicates on a LC480 ther-
mocycler (Roche Diagnostics). The gene expression for mesothelin
and calbindin 2 was quantified using a relative quantification
model with efficiency correction using the following formula:
ratio ¼ ðEtargetÞCt targetðcontroltreatedÞ=ðEref ÞCt refðcontroltreatedÞ
according to Pfaffl (2001). The efficiency for each gene was esti-
mated by the dilution calibration method. The tissue expression in
individuals was quantified separately, where the sample with the
highest mesothelin or calbindin 2 expression from a given indi-
vidual was set to a relative expression value of 100%. The data were
analyzed by GraphPad Prism software.
3. Results
The results of the immunohistochemical analysis of cryospeci-
mens stained with antibodies to mesothelin, HBME-1 protein and
calbindin 2 are shown in Table 1.
3.1. Mesothelin
We found aweak to strong signal for mesothelin in each of the 5
tested cryospecimens in all corneal epithelial layers, with the most
intense signal in the superficial epithelium (Table 1; Fig. 1a).
A similar staining pattern was observed in the limbal and
conjunctival epithelium (data not shown). The membrane-bound
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localization of mesothelin was readily apparent on cryosections,
clearly showing the borders between adjacent epithelial cells. This
staining pattern was found as well on the corneal epithelial
imprints (Fig. 1b). The immunostaining of the corneal endothelium
was dependent upon the concentration of the primary antibody.
Very weak staining of the cells was obtained using a dilution
of 1:50, while a higher concentration (1:25) led to moder-
ateeintense positivity (Fig. 1a). A pronounced cytoplasmic staining
was manifested in almost 100% of the cells on the endothe-
liumeDescemet’s membrane lamella (Fig.1c). The stroma, the basal
membrane of the epithelium, Descemet’s membrane and Bow-
man’s layer were completely negative. An intense signal was
detected in the surface cells of the peritoneum (Fig. 1d), and
staining was absent in all negative control specimens (Fig. 1e).
We detected two isoforms (40 and 69 KDa) of mesothelin in all
layers of the cornea, in the endothelium, stroma and epithelium,
using Western blot analysis. Moreover, the expression of meso-
thelin was determined by qRT-PCR in all three corneal layers. The
strongest expression was found in the epithelium, less in the
stroma and the endothelium (Fig. 2). Relative mesothelin expres-
sion was normalized to an endogenously expressed housekeeping
gene (GAPDH).
3.2. HBME-1
Homogenous staining using the HBME-1 antibodywas observed
in each of the tested corneal specimens. HBME-1 protein was
expressed by keratocytes and appeared throughout the whole
stroma, including Bowman’s layer (Fig. 3a). A prominent sharp
border of the staining was noted in all specimens between the
positive corneal stroma and the negative stroma of the sclera
(Fig. 3b). Human corneal endothelial cells revealed moderate to
intense positivity. Flat specimens (endothelial imprints and
lamellae) enabled a detailed visualization of the signal and revealed
almost 100% positivity. While a minority of the cells revealed
membrane staining in a brush border pattern, strong cytoplasmic
staining was found in most of the positive cells (Fig. 3c and d).
HBME-1 staining was not detected in the corneal epithelium or
in either basal membrane. The limbus, conjunctiva and sclera were
completely negative as well as all negative controls. Superficial
mesothelial cells of the peritoneum revealed strong intracellular
positivity (Fig. 3e).
3.3. Calbindin 2
Calbindin 2 was detected in the corneal, limbal and conjunctival
epithelia as well as in endothelial cells using immunohistochemical
methods (Table 1; Fig. 4a). Both cytoplasmic and nuclear staining
were clearly visible on the epithelial and endothelial imprints.
Intranuclear dots, probably representing an association with
kinetochor and polar microtubules, weremore readily detectable in
superficial epithelial cells compared to endothelial cells. The nuclei
of both the endothelium and epithelium revealed mostly one or
two, less often three or more, dots (Fig. 4b and c). Moreover,
a strong signal was found at the plasmatic membrane of epithelial
as well as endothelial cells. Weak immunostaining without any
gradient was observed throughout the whole corneal stroma and in
the surface cells of the peritoneum (Fig. 4d). No positive staining
was observed in any negative control (Fig. 4e).
Using Western blot analysis, calbindin 2 was detected in the
stroma, epithelium and endothelium. qRT-PCR revealed that cal-
bindin 2 is expressed in the epithelial and to a lesser extent in the
endothelial cells of the cornea, while no expressionwas detected in
the stroma (Fig. 5). Relative calbindin 2 expression was normalized
to an endogenously expressed housekeeping gene (GAPDH).
Fig. 1. Enzymatic immunohistochemical detection of mesothelin in the human cornea. Positivity in the epithelium and endothelium on cryosections (a). Detail of the membrane-
bound signal in the epithelial imprints (b) and the cytoplasmic signal in the endothelial cells of lamella (c). Surface cells of the peritoneum as a positive control (d) and corneal
negative control (e). Scale bar represents 10 mm.
Fig. 2. Relative expression of mesothelin in corneal samples quantified by qRT-PCR.
The majority of mesothelin expression was detected in the epithelium, but pronounced
expression was detected in stromal and endothelial samples as well. Data were
normalized to a housekeeping gene (GAPDH). Each bar represents mean  SEM of 6
experimental samples.
Table 1
Themean (average) percentage of positive cells and staining intensity of mesothelin,
HBME-1 protein and calbindin 2 in different locations of the human cornea.
protein epithelium stroma endothelium
superficial suprabasal basal
average % of positive cells/intensity
mesothelin 75/4 70/3 75/3 N 60/2
HBME-1 N N N 100/4 86/2
calbindin 2 25/1 77/2 77/2 100/1 66/2
Number of cells stained: % (average percentage)/N: negative, 1: mild, 2: moderate,
3: intense, and 4: very intense staining.
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4. Discussion
In this study we clearly demonstrate that mesothelin, HBME-1
protein and calbindin 2, which are considered to be reliable
markers of healthy and neoplastic mesothelium (King et al., 2006;
Marchevsky, 2008; Miettinen and Kovatich, 1995; Yaziji et al.,
2006), are abundantly expressed in the human cornea.
Mesothelin has not yet been described in the eye, excluding its
expression in the rat limbus (Adachi et al., 2006). Surprisingly, we
have found this protein in the endothelium, stroma, and more
intensely in the epithelium of the cornea, limbus and conjunctiva.
Although the immunostaining of the endothelial cells depended on
the concentration of the primary antibody, Western blot analysis as
well as qRT-PCR clearly confirmed its presence in this cell layer.
The abundant expression of mesothelin in healthy mesothelial
cells of the pleura, peritoneum and pericardium is well docu-
mented (Chang et al., 1992; Ordonez, 2003a), but its role under
physiological conditions is still unknown, and no histological
differences were found in various mesothelin-expressing tissues
between mesothelin knockout and wild-type mice (Bera and
Pastan, 2000). Under pathological conditions, the non-covalent
bond between membrane-bound mesothelin and the N-linked
glycans of mucin 16 (MUC16, formerly CA125) mediates the
heterotypic cell adhesion of MUC16 expressed in the OVCAR-3
ovarian tumor cell line to an endothelial-like cell line expressing
mesothelin, which may be inhibited by anti-mesothelin antibody
(Gubbels et al., 2006; Rump et al., 2004). Because of the abundant
occurrence of MUC16 (Argueso et al., 2003; Blalock et al., 2008) and
mesothelin in corneal and conjunctival epithelium, a comparable
bond between these two proteins on the ocular surface may be
expected. Additionally, the immunostaining of the conjunctival
surface using H185 antibody, which reacts withMUC16, was altered
in patients suffering from non-Sjögren’s dry eye compared to the
normal ocular surface epithelium (Argueso et al., 2003; Danjo et al.,
1998). Nevertheless, a possible role for mesothelin and MUC16 on
the ocular surface under normal conditions, and potential alter-
ations in the interaction between mesothelin and MUC16 in terms
of the ocular surface changes seen in dry eye patients, still remain
to be elucidated.
The HBME-1 antibody clearly stains corneal endothelial cells,
which display an abundant cytoplasmic signal. In the corneal
endothelium, the cytoplasmic staining is more distinct than the
signal present in the cell membrane, which is different from
mesothelial and most neoplastic cells, in which microvillous
staining predominates over cytoplasmic staining (Dahlstrom et al.,
2001).We did not find any difference in the intensity of the staining
between the central and peripheral parts of the endothelium, as
was expected due to the increased centrifugal presence of microvili
in the human corneal endothelial cells (Svedbergh and Bill, 1972).
The presence of a signal for HBME-1 protein seen in themicrovilli of
the endothelium, but not in the corneal epithelium, may reflect the
different function of the corneal epithelium and endothelium,
which is in contact with the aqueous humor and may help to
maintain its fluidity.
Interestingly, HBME-1 staining was found throughout the
extracellular space of all stromal layers. The very intense staining in
the central and peripheral cornea sharply diminished in the limbal
area and was missing from the scleral stroma. This localization
indicates that the antibody reacts with some protein abundantly
present in the extracellular matrix of the corneal stroma but
missing from the sclera. Unfortunately, HBME-1 antibody is not
suitable for immunoblots or immunoprecipitates (personal
communication Hector Battifora in Miettinen and Kovatich, 1995),
as we have confirmed using Western blot analysis (data not
shown). Moreover, the exact antigen with which the antibody
reacts is still unknown, so we were unable to prepare primers for
qRT-PCR evaluation. Thus, the function and importance of this
protein in the cornea remain to be elucidated.
The intracellular localization of the third detected protein e cal-
bindin 2e is already well established.We detected calbindin 2 in all
corneal layers using immunohistochemistry and Western blotting.
Several intranuclear spots were clearly visible on our specimens of
epithelial and endothelial imprints, but in contrast we were unable
to detect calbindin 2 expression in the stroma using qRT-PCR.
Fig. 3. Enzymatic immunohistochemical detection of HBME-1 protein. A strong signal in the stroma and endothelium of corneal cryosections (a). A sharp border between the
corneal (positive) and scleral (negative) stroma (b). A clear brush border pattern in the endothelial imprints (c) and strong cytoplasmic signal in the endothelial cells of endothelial
lamella (d). Superficial cells of the peritoneum as a positive control (e) and corneal negative control (f). Scale bar represents 10 mm.
Fig. 4. Immunohistochemical detection of calbindin 2. Positivity in the epithelium and endothelium of corneal cryosections (a). Calbindin 2-positive intranuclear dots in the
epithelial (b) and endothelial (c) imprints. Surface cells of the peritoneum as a positive control (d) and corneal negative control (e). Scale bar represents 10 mm.
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Nonetheless, because of the characteristic specific staining (intra-
nuclear dots) of this proteinwe expected its presence in keratocytes
as well. The intracellular localization of calbindin 2 (calretinin) is
consistent with the previous findings of Gotzos et al., who demon-
strated that this protein is associated with kinetochor and polar
microtubules in phase G1 andmitosis (Gotzos et al., 1992). Themore
intense staining of the dots in epithelial cells compared to the less
positive endothelium may be connected to the high turnover of
epithelial cells compared to the proliferatively inactive endothelial
cells, which are inhibited in the G1 phase (Joyce et al., 1996).
In addition to mesothelin, HBME-1 protein and calbindin 2,
thrombomodulin is considered to be a reliable marker of meso-
thelial cell origin (King et al., 2006; Marchevsky, 2008; Ordonez,
2003b; Yaziji et al., 2006). Thrombomodulin is an integral
membrane protein expressed on the surface of the vascular endo-
thelium and functions as a cofactor in the thrombin-induced acti-
vation of protein C in the anticoagulant pathway (Esmon and Owen,
1981, 2004). Its presence in the human cornea, including in the
endothelial cells where it appears to be involved in maintaining the
fluidity of the aqueous humor, has already been demonstrated
(Ikeda et al., 2000). The expression of mesothelial markers extends
the phenotypical heterogeneity of human corneal endothelial cells.
The phenotypical uniqueness of corneal endothelial cells consists in
the presence of a combination of neural, epithelial, and mesothelial
cell line markers in this cell type (Foets et al., 1990; Foets et al.,
1992b; Merjava et al., 2009; Risen et al., 1987).
In summary, we report here the presence of the mesothelial
proteins mesothelin, HBME-1 protein and calbindin 2 in the normal
adult human cornea and hypothesize about the potential roles of
these proteins in ocular tissue.
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Abstract
Posterior polymorphous corneal dystrophy (PPCD) is a hereditary bilateral disorder affecting Descemet’s membrane and the endothelium. The
aim of the present study was to determine the spectrum of cytokeratin (CK) expression in cells on the posterior surface of the cornea in PPCD
patients. Ten corneal buttons and one specimen of the trabecular meshwork (TM) from PPCD patients who underwent graft or glaucoma surgery
were used, as well as six corneal buttons and two TM specimens obtained from healthy donors as controls. Cryosections were fixed and indirect
immunofluorescent staining was performed using antibodies directed against a wide spectrum of cytokeratins (CKs). The number of positive
cells and the intensity of the staining were assessed using fluorescent microscopy. All 10 PPCD corneal specimens had areas of endothelium
displaying typical endothelial morphology as well as areas consisting of layers two to six cells thick with both flat endothelial-like cells and
polygonal cells with round nuclei and a large cytoplasm. Both of these morphologically distinct cell types showed strong immunostaining
for CK7, CK19, CK8 and CK18, while weaker positive signals were observed for CK1, CK3/12, CK4, CK5/6, CK10, CK10/13, CK14,
CK16 and CK17. PPCD endothelium was completely negative for CK2e, CK9, CK15, and CK20. Focal positivity was detected in PPCD
TM for CK4, CK7 and CK19. CK8 and CK18 were the only CKs expressed in control endothelium. PPCD and control epithelium displayed
similar staining patterns. The distinct positivity for CK3/12, CK4, CK5/6, CK10/13, CK14, CK16 and CK17 was observed in aberrant
PPCD endothelium for the first time. We demonstrate that the abnormal endothelium of PPCD patients expresses a mixture of CKs, with
CK7 and CK19 predominating. In terms of CK composition, the aberrant PPCD endothelium shares features of both simple and squamous strat-
ified epithelium with a proliferative capacity. The wide spectrum of CK expression is most probably not indicative of the transformation of
endothelial cells to a distinct epithelial phenotype, but more likely reflects the modified differentiation of metaplastic epithelium.
Published by Elsevier Ltd.
Keywords: posterior polymorphous corneal dystrophy; immunohistochemistry; cytokeratins; endothelium
1. Introduction
Posterior polymorphous corneal dystrophy (PPCD, OMIM
#122000) is a bilateral disorder of the corneal endothelium
and Descemet’s membrane (DM), inherited in an autosomal
dominant manner (Cibis et al., 1977; Hogan and Bietti, 1969).
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At least three different genes are implicated in PPCD: the
gene encoding the a2 chain of type VIII collagen (COL8A2;
OMIM *120252) on chromosome 1 (Biswas et al., 2001); the
visual system homeobox gene 1 (VSX1; OMIM *605020) on
chromosome 20 (Héon et al., 2002); and the human zinc finger
transcription factor 8 gene (TCF8; OMIM *189909) on chro-
mosome 10 (Krafchak et al., 2005). In addition, linkage analy-
sis performed in two large Czech families delineated the PPCD
locus on chromosome 20p.11.2 to a 2.7 cM interval between
flanking markers D20S48 and D20S139; the PPCD gene for
this locus has not yet been reported (Gwilliam et al., 2005).
PPCD is characterized biomicroscopically by vesicular le-
sions, bands and geographic opacities at the level of posterior
DM and the endothelium. The disease is usually non-progres-
sive in most affected subjects. However, in some patients sec-
ondary changes such as corneal edema or glaucoma may lead
to visual impairment and necessitate surgical management in
the form of keratoplasty or an anti-glaucomatous procedure
(Cibis et al., 1977).
The corneal endothelium is a monolayer of flat hexagonal
cells, which in humans are normally arrested in the G1-phase
of the cell cycle (Joyce et al., 1996). In PPCD patients, local
foci of the original cells lose their endothelial characteristics
and acquire an epithelial-like phenotype (Hirst, 1983). This epi-
thelialization has been demonstrated using both light and elec-
tron microscopy (Krachmer, 1985; Matsumoto et al., 1988). It
was demonstrated that aberrant cells are joined together by abun-
dant desmosomes, that they exhibit numerous microvilli on their
apical surface, and that there are abundant keratofibrils in a cyto-
plasm depleted of organelles (Boruchoff and Kuwabara, 1971;
Levy et al., 1996; Rodrigues et al., 1980). Proliferation and the
formation of multilayered areas extending outwards from the
cornea over the trabecular meshwork (TM), leading to secondary
glaucoma, have also been observed (Krachmer, 1985).
Cytokeratins (CKs) are typical epithelial cell markers ex-
pressed in a tissue-specific and differentiation-dependent man-
ner (Moll et al., 1982). The epithelialization of the PPCD
endothelium was confirmed immunohistochemically by
Rodrigues et al. (1981), who detected the presence of CKs us-
ing non-specific antisera against total human epidermal CKs.
Pan-cytokeratin expression in the abnormal PPCD endothelial
layer was later verified using AE1/AE3 antibody (Molia et al.,
1999; Ross et al., 1995). CK7 and the CK pair 8/18 (CAM 5.2
antibody) have also been detected in aberrant PPCD cells
(Cockerham et al., 2002; Moroi et al., 2003).
The underlying cause of the endothelial changes in PPCD is
currently unknown. Proliferation and epithelial characteristics
of pathological endothelium have also been demonstrated
immunohistochemically in other corneal diseases. Positive im-
munostaining using AE1, AE3, CK3, CK5 and CK19 anti-
bodies was observed in iridocorneal-endothelial syndrome
(Hirst et al., 1995; Levy et al., 1995), while the epithelializa-
tion of the endothelium in congenital hereditary endothelial
dystrophy (CHED) was detected using antibodies against
CK7, CK8 and CK18 (Cockerham et al., 2002).
In this study we used a wide spectrum of antibodies di-
rected against CKs with the aim of characterizing the aberrant
cells arising on the posterior corneal surface in patients diag-
nosed with PPCD. Antibodies to the typical corneal epithelium
CK pair (CK3/12), CKs expressed predominantly in simple
epithelia (CK7, CK8, CK17, CK18, CK19), CKs of stratified
epithelia (CK4, CK13), CKs of basal epithelia (CK5, CK14,
CK15), CKs typical of hyperproliferative epithelia (CK6,
CK16) and CKs expressed in keratinized and terminally differ-
entiated squamous epithelia (CK1, CK10) were used (Moll
et al., 1982; van der Velden et al., 1999).
2. Materials and methods
2.1. Specimens
The study was approved by the Ethics Committee of the
General Teaching Hospital and Charles University, Prague,
and followed the tenets set out in the Declaration of Helsinki.
The diagnosis of PPCD was based on slit lamp examination,
specular microscopy and family history.
Ten corneal buttons were obtained by keratoplasty surgery
from nine PPCD patients (five males and four females) from
eight families of Czech origin, ranging in age from 14 to 71
years, with a median age of 40 years. Each eye requiring cor-
neal transplantation developed stromal and epithelial edema.
None of the examined patients suffered from secondary glau-
coma or any other ophthalmic disorder.
One cornea was obtained from a member of a family map-
ped to 20p11.2 (Gwilliam et al., 2005) (Table 1; P1), eight cor-
neas from seven patients from six families originating in the
same geographic area in the western part of the Czech Repub-
lic (Table 1; P2, P3, P5eP8) and one cornea from a patient
with an identified change in the coding sequence of the
TCF8 gene (unpublished) (Table 1; P4). One TM specimen
was obtained during glaucoma surgery performed in an eye
two years after keratoplasty in a patient from one of the fam-
ilies clustered in the western part of the Czech Republic (the
cornea of this patient was not included in the study). Six
healthy corneal buttons and two TM specimens from donors
with no prior ocular history obtained from the Ocular Tissue
Bank (Prague) were included as control tissue. For CKs that
are not expressed in the cornea or conjunctiva, epithelia
from breast skin (for CK2e), skin from the palm of the hand
and the sole of the foot (for CK9) and stomach mucosa (for
CK20) were used as positive control tissues.
Corneal buttons were dissected, embedded in optimal cut-
ting temperature (OCT) compound and snap frozen in liquid
nitrogen. Tissues were cryosectioned at a thickness of 7 mm
and four slices were mounted per slide.
2.2. Histology and indirect immunofluorescent
microscopy
Slides from each PPCD patient and controls were stained
with haematoxilin and eosin for morphological assessment
of the endothelial layer by light microscopy.
Slices obtained from all 10 corneal specimens were stained
with each antibody, and each staining was performed in
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duplicate. A negative control (primary antibody omitted) was
included on every slide. The tissue was fixed with cold acetone
for 10 min, rinsed in phosphate buffered saline (PBS) and in-
cubated with primary antibodies diluted in PBS containing 1%
bovine serum albumin for 1 h at room temperature. The fol-
lowing mouse or goat monoclonal antibodies and dilutions
were used: cytokeratin 1 (1:250) and cytokeratin 10 (1:50)
(Santa Cruz Biotechnology, Santa Cruz, USA); cytokeratin
2e (1:50), cytokeratin 9 (1:50), cytokeratin 16 (1:30), cytoker-
atin 17 (1:25) and cytokeratin 20 (1:50) (Acris Antibodies
GmbH, Hiddenhausen, Germany); cytokeratin 3/12 (1:400)
(Research Diagnostics Inc., Flanders, NJ, USA); cytokeratin
4 (1:200) (Sigma, St. Louis, USA); cytokeratin 5/6 (1:40),
cytokeratin 7 (1:50), cytokeratin 10/13 (1:25), cytokeratin 18
(1:50) and cytokeratin 19 (1:50) (DakoCytomation, Glostrup,
Denmark); cytokeratin 8 (1:400), cytokeratin 14 (1:50) and
cytokeratin 15 (1:100) (Chemicon International Inc., Temecula,
USA). The specimens were then washed three times with PBS
and incubated with appropriate secondary antibodies [fluores-
cein isothiocyanate-conjugated or rhodamine-conjugated (for
CK14 only) anti-mouse or anti-goat IgG, all from Jackson Im-
munoResearch Laboratories, West Grove, USA] for 1 h at
room temperature. After rinsing in PBS the slices were
mounted with Vectashield-propidium iodide or DAPI (Vector
Laboratories, Inc. Burlingame, USA) to counterstain the
DNA within the nuclei. The slices prepared from TM speci-
mens were stained for CK4, CK7 and CK19.
The slices were examined by fluorescent microscopy using
an Olympus BX 51 at a magnification of 200e1000. Images
were taken using a Vosskühler VDS CCD-1300 camera, (VDS
Vosskühler GmbH, Germany). The positivity was assessed sep-
arately in each corneal layer. At least 100 cells directly con-
nected to DM or connected to DM through an intermediate
cell were examined, and the percentage of positive cells was cal-
culated. To grade the intensity of cell staining, a scale according
to Diebold et al. (1997) was used: 0, no discernible staining; 1þ,
mild; 2þ, moderate; 3þ, intense; and 4þ, very intense staining.
3. Results
3.1. Histology
The endothelium of all control specimens was formed of
one layer of flat cells adjoined to DM (Fig. 1A). PPCD endo-
thelium consisted predominantly of one or two cell layers (Ta-
ble 1), but areas with up to six cell layers forming loop
projections detached from DM were also observed. These
multilayered foci were mostly composed of cells containing
prominent round nuclei and more abundant cytoplasm
(Fig. 1B). At the basal zone, adjacent to DM, most cells
were flat with elongated nuclei. However, many areas of
DM were free of any cells.
3.2. Indirect immunofluorescent microscopy
The results of the immunohistochemical analysis of PPCD
and normal corneas stained with antibodies to various CKs are
shown in Table 2.
The endothelium of all control corneal specimens was pos-
itive for CK8 (54%/2þ) and CK18 (32%/2þ); none of the
Table 1
The morphological characterization of abnormal endothelial layers obtained from nine PPCD corneas
Patient no. P1 P2 P3 P4 P5 LE P5 RE P6 P7 P8 P9
Number of endothelial
layers (min./max.)
1/6 1/2 1/3 1/5 1/5 1/3 1/3 1/4 1/1 1/3
The number
of layers prevalent
in sections
2e3 1 1e2 1 1e2 1e2 1 2 1 2e3
Cell type
characterization of abnormal
endothelial layer
EP EN/EP EN/EP EN/EP EN/EP EN EN/EP EN/EP EN/EP EP
PPCD corneas revealed a mixture of endothelial (EN) and epithelial (EP) cell types. Corneas from the left eye (LE) and right eye (RE) of patient 5 were studied.
Fig. 1. Control endothelium is composed of one layer of regular flat cells (A) compared to PPCD multilayered endothelium displaying cells containing prominent
round nuclei and more abundant cytoplasm (B). Hematoxilin and eosin staining, scale bar represents 10 mm.
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other tested CKs was expressed in control endothelium
(Fig. 2A).
Each of the 10 PPCD specimens was positive for CK4,
CK5/6, CK7, CK8, CK16, CK17, CK18 and CK19. Nine of
10 PPCD specimens were positive for CK3/12 and CK14,
seven for CK10/13, three for CK1 and two for CK10 (Fig. 2B).
The intensity and distribution of CK staining were irregular
and varied among PPCD corneas and also within individual
specimens. Very intense staining was present in 93% of the
cells of abnormal endothelium using antibodies to CK7 as
well as to CK19. The number of cells showing positive stain-
ing for CK8 and CK18 in PPCD specimens was 1.9 and 1.8
times greater than the number seen in controls, respectively.
CK14, CK16 and CK17 were stained moderately to in-
tensely, but in no more than 71% of abnormal endothelial layer
cells (CK14). Mild positivity for CK3/12 was present in 51%
of PPCD endothelial cells. Less than one-third positive cells
were observed for CK1, CK4, CK5/6, CK10 and CK10/13,
with mild or moderate staining intensity. CK1 and CK10
were detected only in surface cells. No immunoreactivity
was found in the PPCD endothelial layer for CK2e, CK9,
CK15 or CK20 (Fig. 2B).
Control and PPCD corneal epithelia showed a very similar
CK staining pattern, both quantitatively and qualitatively.
CK3/12 showed strong positivity in all corneal epithelial
layers. CK4 was negative in the basal layer, while a positive
signal increased from the suprabasal to the superficial layer.
CK14 showed strong positivity in the basal layer, decreasing
to the suprabasal layers. CK16 and CK5/6 were present in all
epithelial layers, mostly in the suprabasal layer. CK7 and
CK17 were not present in either control or PPCD epithelium.
CK18 and CK19 positivity was found in about 50% of con-
trol as well as PPCD epithelial cells, with no difference be-
tween the basal, suprabasal and superficial layers. The
epithelium was negative for CK1 and CK10.
The cytoplasm of the stromal cells was negative in all the
examined corneas with all the antibodies used.
A few positive cells were found on the surface of the TM of
PPCD specimens using CK4, CK7 and CK19 antibodies and in
the same focus in several consecutive sections. The control
specimens were completely negative.
4. Discussion
Despite extensive research into PPCD, the mechanism lead-
ing to the transformation of PPCD endothelium into cells with
epithelial characteristics is still unknown. By investigating CK
expression, we focused on characterizing these epithelial-like
cells with the aim of improving our knowledge of PPCD path-
ogenesis. Besides immunostaining for CK7 and CK8/18,
which has been previously observed in aberrant PPCD endo-
thelium (Cockerham et al., 2002), we have found distinct pos-
itivity for CK3/12, CK4, CK5/6, CK10/13, CK14, CK16,
CK17 and CK19.
We have observed that the pronounced expression of CK7
and CK19 is the most characteristic pattern in the CK compo-
sition of abnormal PPCD endothelium. Both CKs are usuallyTa
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present in ductal and glandular epithelia (Ramaekers et al.,
1987). CK7 was previously detected in the endothelium of
all seven PPCD corneas studied (Cockerham et al., 2002), as
well as in the endothelium of a proband from a PPCD pedigree
with an identified disease-causing mutation in the TCF8 gene
(Moroi et al., 2003). The question whether the expression of
CK7 in PPCD may arise as a consequence of a less differen-
tiated phenotype of pathological metaplastic epithelial cells re-
mains to be elucidated. CK19 is a proposed limbal stem cell
marker and can be characteristic of not fully differentiated
Fig. 2. Immunolocalisation of various CKs in control (A) and PPCD (B) corneal sections. Cell nuclei were stained with propidium iodide or DAPI. Scale bar
represents 10 mm.
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cells as well as of metaplastic epithelium (Lauweryns et al.,
1993; Mandys et al., 2003).
The presence of the simple epithelial CK pair 8/18 in nor-
mal human endothelium is a matter of some controversy.
While some studies found control endothelium to be free of
CK8 and CK18 expression (Kramer et al., 1992; Levy et al.,
1995), other authors detected both of these CKs in the corneal
endothelium (Kasper et al., 1992; Wollensak and Witschel,
1996). We detected both in the endothelium of all control
and PPCD specimens.
Interestingly, we also detected CK3/12, the expression of
which is normally restricted to the corneal epithelium (Moll
et al., 1982), in all of the examined PPCD patients, suggesting
that the aberrant endothelium formed during PPCD shares fea-
tures of the corneal epithelium. The expression of the basal
cell marker CK14 and the stratification marker CK4 may cor-
relate with the ability of the pathologically altered endothe-
lium to form multilayered structures, while the expression of
the hyperproliferation-associated markers CK6 and CK16
(van der Velden et al., 1999) may correlate with the prolifera-
tive capacity of these aberrant PPCD cells. Due to the weak
positive signals for CK1 and CK10, markers for terminal dif-
ferentiation and cornification (van der Velden et al., 1999),
found in a few PPCD cells, we conclude that most of the ab-
normal endothelial PPCD cells are not terminally differenti-
ated epithelium. The overall CK composition of aberrant
PPCD endothelium shows features of both simple (CK7,
CK8, CK18, CK17, CK19) and stratified (CK4, CK13) epithe-
lium, along with a proliferative capacity (CK6 and CK16).
The broad CK spectrum expressed in our PPCD patients in-
dicates that the altered cells are not already transformed into
a distinct differentiated epithelial phenotype, but more likely
it is a sign of the deranged maturation of an emerging meta-
plastic epithelium. In addition to the endothelium, we detected
the epithelialization of superficial cells in PPCD TM, probably
reflecting the capacity of the abnormal cells to migrate
outwards from the cornea and to overgrow the surrounding
tissues. The inter-individual heterogeneity in CK expression
can arise from a situation in which foci of variously differentiated
epithelium are irregularly scattered throughout the endothe-
lium of corneal sections.
It is still unclear what causes a shift of endothelial cells to
cells with epithelial characteristics appearing on the posterior
corneal layer. It is not known if the alteration in CK expression
is a more-or-less direct consequence of genetic changes or
a secondary response to a more general dysregulation, inde-
pendent of genetic mutations. One possible explanation could
be that changes in CK expression are a result of an abnormal
basement membrane composition. This mechanism of abnor-
mal cytokeratin expression has been previously described in
epithelial cells from bovine conjunctiva (Kurpakus et al.,
1992). It was demonstrated that mutations in the TCF8 gene
lead to the abnormal expression of COL4A3 (Krafchak
et al., 2005) and that mutations in COL8A2 in PPCD corneas
(Biswas et al., 2001) result in changes in basement membrane
composition (aberrant formation of DM). A non-genetic
explanation for the altered CK expression is suggested by
the fact that, in addition to PPCD and CHED, epithelialization
of the endothelium with CK expression also occurs in iridocor-
neal-endothelial syndrome corneas, which is not a hereditary
disorder (Hirst and Waring, 1983). Moreover, similar changes
were observed in corneas from patients with bullous keratop-
athy after ruptures in Descemet’s membrane as a consequence
of forceps injury at birth (Tetsumoto et al., 1993). Support for
this theory comes from our observation that there is no differ-
ence in CK composition between patients with mutations in
different genes.
We can conclude that the pattern of CK expression found in
the cells on the posterior surface of PPCD corneas is most prob-
ably related to a metaplastic process during which endothelial
cells are shifted to endo-epithelial and epithelial phenotypes.
A considerable number of the expressed CKs are indicative of
pathologically altered differentiation. The exact mechanisms
mediating this metaplastic process remain to be elucidated.
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a b s t r a c t
Posterior polymorphous corneal dystrophy (PPCD) is a hereditary bilateral disorder affecting primarily
the endothelium and Descemet’s membrane (DM). The aim of this study was to determine the changes in
the presence and localization of the a1–a6 collagen IV chains and a1, a2 collagen VIII chains in Czech
patients with PPCD. Twelve corneal buttons from ten PPCD patients who underwent corneal grafting, as
well as eight unaffected corneas, were used. Enzymatic indirect immunohistochemistry was performed
on cryosections using antibodies against the a1–a6 collagen IV chains and a1, a2 collagen VIII chains. The
intensity of the signal was examined separately in the basal membrane of the epithelium (BME), stroma
and DM. More than 50% of PPCD specimens exhibited positivity for a1 and a2 collagen IV chains in the
BME and in the posterior stroma, while no staining was detected in these areas in control specimens. The
signal for the a1 and a2 collagen IV chains was more intense in DM of PPCD corneas compared to
controls and it was shifted from the stromal side (in control tissue) to the endothelial side of DM (in the
patients). A less intensive signal in PPCD corneas for the a3 and a5 chains in DM and an accumulation of
a3–a5 in the posterior stroma in diseased corneas were the only differences in staining for the a3–a6
collagen IV chains. The a1 collagen VIII chain was detected on both the endothelial and the stromal sides
of DM in 90% of patients with PPCD, compared with the prevailing localization on the stromal side of DM
in control corneas. A change in the localization of the a2 collagen VIII chain in DM from vertically striated
features in control specimens to double line positivity in the DM of PPCD corneas and positive staining in
the posterior collagenous layer of four patients were also detected. In three PPCD patients a fibrous
pannus located under the BME, positive for a1–a3, a5 collagen IV chains and a1 collagen VIII chain, was
observed. The increased expression of the a1, a2 collagen IV and a1 collagen VIII chains and the change in
their localization in DM may contribute to the increased endothelial proliferative capacity observed in
PPCD patients.
 2009 Elsevier Ltd. All rights reserved.
1. Introduction
Posterior polymorphous corneal dystrophy (PPCD) is a bilateral,
autosomal dominant disorder affecting primarily the corneal
endothelium and Descemet’s membrane (DM) (Cibis et al., 1976;
Hogan and Bietti, 1969). The epithelization and proliferation of the
pathologic endothelium of PPCD corneas are the most common
findings at the cellular level, characterized in detail using light and
electron microscopy (Boruchoff and Kuwabara, 1971; Krachmer,
1985). Epithelization was also confirmed by the detection of a wide
cytokeratin spectrum, typical epithelial proteins (Jirsova et al.,
2007; Rodrigues et al., 1980).
At least four different genes are implicated in PPCD, of which
three are known. PPCD1 (OMIM #122000) is linked to chromosome
20 (Héon et al., 1995), and the visual system homeobox gene 1
(VSX1; OMIM *605020) was reported as disease-causing (Héon
* Corresponding author. Laboratory of the Biology and Pathology of the Eye and
Ocular Tissue Bank, VFN, U nemocnice 2, 128 08 Prague, Czech Republic. Tel.: þ420
224 963 008; fax: þ420 224 962 338.
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et al., 2002) although evidence exists that in the linked families
another undiscovered PPCD gene at 20p11.2 is implicated (Gwilliam
et al., 2005). PPCD2 (OMIM #609140) is caused by the gene
encoding the a2 collagen VIII chain (COL8A2; OMIM *120252) on
chromosome 1 (Biswas et al., 2001). Finally, the human zinc finger
E-box binding homeobox 1 gene (ZEB1 also known as TCF8; OMIM
*189909) on chromosome 10 is implicated in PPCD3 (OMIM
#609141) (Krafchak et al., 2005; Liskova et al., 2007).
Collagens fibers are a basic component of the extracellular
stromal matrix. Their architecture together with a functional intact
endothelium are the main factors responsible for the regulation of
corneal hydration and transparency (Maurice, 1957; Scott, 1998).
Type IV collagen, aside from minor expression in the corneal
stroma, is the major structural component of basement membranes
(BMs), including both corneal BMs: the BM of the epithelium (BME)
and the DM (Hudson et al., 1993; Kefalides, 1973). To date, six
a chains of collagen IV (a1–a6) have been identified (Leinonen
et al., 1994). Trimers of a1 (IV) and a2 (IV) chains ([a1]2a2 and
[a1]3) are ubiquitous and form the major component of BMs
(Timpl, 1989), whereas chains a3 (IV), a4 (IV), a5 (IV) and a6 (IV)
represent only a minor component of BMs with restricted tissue
distribution (Sanes et al., 1990). Each of these chains was observed
in normal human cornea (Kabosova et al., 2007; Ljubimov et al.,
1995; Tuori et al., 1997). Type IV collagen provides not only an
architectural network, but the different NC1 domains of its a chains
also regulate cellular behavior including antiangiogenic or anti-
tumor properties (Floquet et al., 2004). It has been shown that the
a1 and a2 chains of collagen IV favor cell migration, whereas the a3
chain limits the invasive phenotype (Ortega and Werb, 2002).
Type VIII collagen is a non-fibrillar, short chain collagen. Its
exact function, except for its structural properties, is still unclear;
however, studies suggest its importance in cell differentiation and
a role in determining cell phenotype (Shuttleworth, 1997). It
consists of two collagenous polypeptides, a1 (VIII) and a2 (VIII),
which form two distinct homotrimeric or heterotrimeric proteins
(Greenhill et al., 2000; Illidge et al., 2001). Collagen VIII is consid-
ered to be the major protein of mammalian DM (Kapoor et al., 1988;
Tamura et al., 1991).
In healthy human corneas DM consists of two morphologically
separated regions: the anterior banded zone (ABZ – average thick-
ness is 3 mm) formed during intrauterine life and the posterior non-
banded zone (PNBZ) which is synthesized after birth (thickness
increases with age from 2 to 10 mm) (Johnson et al.,1982). The ABZ is
mostly composed of wide-spaced collagen, which is characterized
by ultrastructural labeling as collagen type VIII, whereas the PNBZ is
a broad layer of amorphous extracellular matrix (Levy et al., 1996;
Sawada et al., 1990). In horizontal sections of the ABZ, collagen VIII
forms a hexagonal lattice (Sawada, 1982). As well as collagens VIII
and IV, DM contains laminin and fibronectin (Ben-Zvi et al., 1986).
In various corneal endotheliopathies including Fuchs’ endothe-
lial corneal dystrophy, congenital hereditary endothelial dystrophy
and PPCD, a large amount of wide-spaced collagen is deposited
posterior to DM forming a posterior collagenous layer (PCL). This
abnormal layer varies in composition and structure depending on
the type of pathology with strong individual differences (Waring,
1982). Collagens I, III–VI, VIII, laminin, tenascin and fibronectin
were detected using immunoelectron microscopy in PCL (Gottsch
et al., 2005; Levy et al., 1995). In patients with PPCD (similarly as in
the other endotheliopathies) three types of PCL (banded, fibrillar
and fibrocellular) have been described (Waring, 1982).
The aim of this study was to map the occurrence of all six
collagen IV chains, as well as the a1 and a2 collagen VIII chains, in
normal adult corneas and in corneas obtained from PPCD patients
where the structural changes in DM may be reflected by alterations
in collagen composition.
2. Materials and methods
2.1. Patients and specimens
The study followed the ethical standards of the Ethics
Committee of the General Teaching Hospital and Charles University,
Prague, and adhered to the tenets set out in the Declaration of
Helsinki. The diagnosis of PPCD was based on the presence of
characteristic bilateral vesicular lesions, bands and geographic
opacities observed on slit-lamp microscopy together with positive
family history. All PPCD corneal explants were obtained from the
Department of Ophthalmology, 1st Medical Faculty of Charles
University and General Teaching Hospital in Prague.
Twelve corneal buttons from ten PPCD patients (4 males and 6
females) of Czech origin, ranging in age from 14 to 71 years with
a mean age of 40  16.4 years, were investigated. All but one eye
(Table 1; P4) requiring corneal transplantation developed stromal
and epithelial oedema. Three of the PPCD patients exhibited a ker-
atoconus pattern on videokeratography (without the typical thin-
ning of the cornea); three had bullous keratopathy (Table 1). Two
corneas were obtained from members of the family previously
mapped to 20p11.2 (P1, P10) (Gwilliam et al., 2005), while nine
were from seven members of five families originating in the same
small geographic area within the Czech Republic. Preliminary
unpublished genotyping data in these families also suggest linkage
to the PPCD1 locus. One cornea was from a patient with an
identified disease-causing mutation in the ZEB1 gene (P4) (Liskova
et al., 2007).
Eight corneal discs (7 males and 1 female, age from 38 to 74,
mean age of 60  13.3 years), not acceptable for transplantation
because of a positive serology of the donor or the endothelial
quality, obtained from the Ocular Tissue Bank Prague were used as
controls.
Corneal buttons were dissected, snap frozen in liquid nitrogen
and embedded in Optimal Cutting Temperature Compound. Tissue
was cryosectioned at a thickness of 7 mm and four slices were
mounted per slide.
2.2. Enzymatic indirect immunohistochemistry
The specimens were stained with each antibody, and each
staining was performed in duplicate. A negative control (primary
antibody omitted) was included on every slide.
2.2.1. Collagen IV
The tissue was fixed with cold acetone for 10 min and rinsed
with phosphate buffered saline (PBS). The slices for a5 collagen IV
chain staining were denatured in a cold glycine/urea solution
(Wielisa Alports KIT, Weislab, Sweden) for 5 min; slices for a4 and
a6 chains were incubated in 0.1 M KCl–HCl buffer (pH 1.5) for
10 min. After rinsing (3  5 min PBS) the endogenous peroxidase
was blocked with 3% hydrogen peroxide for 5 min at room
temperature and rinsed. The slides were pretreated with protein
blocking antigen (UltraTech HRB AEC kit, Immunotech, France) for
5 min and then incubated with primary antibodies diluted in PBS
containing 1% bovine serum albumin for 1 h. The following mouse
or rat monoclonal antibodies and dilutions were used: a1 collagen
Table 1
Clinical findings accompanying PPCD in our cohort of patients studied.
Patients (P) P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
Keratoconus pattern    þ  þ þ   
Bullous keratopathy     þ þ þ   
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IV chain (1:25), a3 collagen IV chain (1:50) and a5 collagen IV chain
(1:50) (all from Wielisa Alports KIT); a2 collagen IV chain (1:300)
(Chemicon International Inc., Temecula, USA); a4 collagen IV chain
(1:25) and a6 collagen IV chain (1:50) (Y. Sado, Japan). After rinsing,
biotinylated secondary antibody and then the tertiary complex
(streptavidin/horse radish peroxidase) were applied, both for
30 min. Immunostaining was detected by 3-amino-9-ethylcarbazol
for 1 min (Immunotech). The slides were rinsed in distilled water,
counterstained with Harris hematoxylin and mounted in Aquatex
medium (Merck KGaA, Germany).
2.2.2. a1 collagen VIII chain
The tissue was fixed with cold acetone for 10 min and rinsed
in Tris buffered saline (TBS). The slices were incubated with
primary mouse antibody against the a1 collagen VIII chain (1:15)
(N.S. Greenhill, New Zealand) diluted in TBS for 1 h at room
temperature. After rinsing the slices were incubated with bio-
tinylated rabbit anti-mouse antibody (1:200) (DakoCytomation,
Glostrup, Denmark) for 30 min. After washing in TBS, the SAB-
complex/AP (DakoCytomation) was applied for 30 min. The
staining was detected by a mixture of naphtol, levamizol, Fast
Red and veronal acetate buffer (all from Sigma, St. Louis, USA) for
10 min. Slides were counterstained and mounted as described
above.
2.2.3. a2 collagen VIII chain
The tissue was fixed with cold acetone for 10 min; the endog-
enous peroxidase was blocked with 0.3% hydrogen peroxide in TBS
for 20 min at room temperature and rinsed. The slices were incu-
bated overnight at 4 C with primary rabbit antibody against a2
collagen VIII chain (1:1000) (N.S. Greenhill, New Zealand) diluted in
TBS containing 1% bovine serum albumin. After rinsing in TBS the
slices were incubated with biotinylated swine anti-rabbit antibody
(1:50) (DakoCytomation) diluted in 0.5% casein in TBS for 30 min.
After washing, the tertiary complex streptavidin/horse radish
peroxidase (1:50) (DakoCytomation) diluted in 0.5% casein in TBS
was applied for 30 min and collagen staining was detected by 3-
amino-9-ethylcarbazol for 1 min. Slides were counterstained and
mounted as described above.
2.3. Specimen assessment
Slices were examined by light microscopy using an Olympus
BX51 (Olympus Co., Tokyo, Japan) at a magnification of 200–400.
Images were taken using a Vosskühler VDS CCD-1300 camera (VDS
Vosskühler GmbH, Germany). The thickness of DM was measured
three times in each specimen (the average was calculated) using
a NIS Elements image analysis system (Laboratory Imaging, Czech
Republic). The staining intensity was assessed separately in the
BME, stroma and DM, and graded using a scale: , negative; ,
occasional positivity; þ, mild; þþ, moderate; and þþþ, intense
staining. The mean range was calculated from three sections and
two experiments.
3. Results
3.1. Morphology
Fibrous pannus, a fibrocellular layer populated by fibroblast-like
cells, was observed between the BME and Bowman’s layer in three
PPCD patients. The mean thickness of DM in the control specimens
was 10.0  1.3 mm (from 7.3 to 15.0 mm); the thickness of DM
measured in PPCD specimens was irregular: 4.8–20.0 mm thick
with large intra- and interindividual differences (average of
10.3 3.0 mm). An abnormal PCL was observed in six PPCD patients.
The endothelium of all control specimens formed one layer of flat
cells tightly attached to DM. PPCD endothelium consisted of one or
two cell layers, and focal prominences up to six cell layers thick
were observed.
3.2. Enzymatic indirect immunohistochemistry of collagen IV
The localization of the a1–a6 collagen IV chains in normal and
PPCD corneas is shown in Table 2.
The a1 and a2 collagen IV chains were not detected in the BME
or the stroma of any control cornea, but intense staining was found
in the BM of the limbus and conjunctiva (data not shown). The a1
(IV) chain was present in one line on the stromal side of the
peripheral zone of DM in one case (Table 2; Co7) or on the stromal
Table 2
The immunohistochemical localization of a1–a6 collagen IV chains in the control corneas and corneas obtained from PPCD patients.
Controls/patients a1 (IV) a2 (IV) a3 (IV) a4 (IV) a5 (IV) a6 (IV)
BME S DM BME S DM BME S DM BME S DM BME S DM BME S DM
Co1      þþ þ þþ þþ þ þ þþþ þþþ þ þþ þþ  þ
Co2      þ þþ þþ þþþ þ þþ þþþ þþþ þ þþ þþþ  þ
Co3      þ þ þ þþþ þ þ þþþ þþþ  þþ þþ  þ
Co4   þ   þþ þþ þ þþ þ þ þþþ þþþ þ þþ þþ  þ
Co5      þ  þ þþþ   þþþ þþþ  þþþ þþ  þ
Co6      þ  þ þþþ   þþþ þþþ þ þþ þ  þ
Co7   þþ   þþ þ þþ þþþ þ þþ þþþ þþþ þ þþþ þþ  þ
Co8   þþ   þþ  þ þþþ  þ þþþ þþþ  þþþ þ  þ
P1   þþ   þ þþþ þ þþ þ  þþ þþþ þ þ þ  þ
P2  þ þ  þþ þþ þ þ þþ   þþþ þþþ þ þþ þ  þ
P3 þ  þþ þ  þþ þ þ þþ   þþ þþþ  þþ þ  þ
P4 þþ þþþa þþ þ þþþa þ þþ þþþa þþ þ þþ þþ þþ þa þþ þ  þ
P5 RE þþ þ þþ þþ þ þþ þþþ þþ þ þ þþ þþ þþþ þ þþ þ  þ
P5 LE   þ   þ þ þ þþ þ þ þþ þþ  þþ   þ
P6 RE þ  þþ þ  þþ þþ  þþ   þþ þþþ  þþ   þ
P6 LE   þ   þ þ  þ  þ þ þþ  þ þ  þ
P7 þþ þþþa þþ þþ þþþa þþ þþþ þþþa þþþ þ þþ þþþ þþ þþþa þþþ þþ  þ
P8   þ  þþ þþ  þ þþ  þ þþ þþþ þ þþ þ  þ
P9 þ  þ þ þ þ þþþ þ  þþ þþ  þþþ þ þ þ  
P10 þ þþ þþ  þþ þþþ þ þþ þþþ þ þ þþþ þþþ þ þþþ þ  þ
The positivity in the basal membrane of the epithelium (BME), stroma (S) and Descemet’s membrane (DM) in control corneas (Co) and corneas obtained from PPCD patients (P).
A scale for the intensity of the signal: , negative; þ, mild; þþ, moderate; and þþþ, intense positivity. RE, right eye; LE, left eye.
a Staining in fibrous pannus.
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and endothelial sides in two (Co4, Co8) of eight control corneas. The
a2 (IV) chain was present only on the stromal side of DM in all
control corneas (Fig. 1). The a1 (IV) and a2 (IV) chains were found in
the BME of 58% and 50% of PPCD specimens, respectively. Both
chains were localized in the posterior 1/10–1/3 of the stroma. DM of
all patients revealed mild to intense positivity for the a1 and a2 (IV)
chains on the endothelial (eight patients for a1, six for a2) (Fig. 1) or
the endothelial and stromal sides of DM (two patients for a1, four
for a2). The immunostaining was observed as one or two lines in
DM or else the entire PCL was stained (Table 2; P4, P7).
A mild to moderate signal for the a3 collagen IV chain was
observed in the BME of 63% of the control corneas. BM positivity
decreased in the limbus, and the BM of the conjunctiva was nega-
tive. The stroma was diffusely positive, and DM was intensively
stained on the endothelial side of all control corneas. Mild to
intense positivity for the a3 chain was observed in the BME of 90%
of PPCD patients. The stroma of seven PPCD specimens was positive
in its posterior part (1/10–1/3) (P3–P5, P7, P9, P10), three PPCD
specimens were diffusely positive in the stroma without any
gradient (P1, P2, P8) and two specimens were negative (P6RE,
P6LE). 90% of PPCD patients had mild to intense staining in one line
on the endothelial side of DM, while in two of these patients the
positive line was doubled (P4, P7). An intense signal was observed
in the DM of most of the control specimens; in the PPCD specimens
moderate positivity prevailed.
From no signal through to a moderate signal for the a4 collagen
IV chain was present in control as well as in PPCD specimens in both
the BME and the stroma, with the only difference being that
a diffuse pattern was observed in control stroma and the posterior
1/10–1/3 was positive in PPCD specimens. The positivity in DM was
intense in control specimens and was negative to intense in PPCD
specimens.
Mild to intense staining for the a5 collagen IV chain was
observed in the BME and DM of control as well as PPCD specimens.
Mild diffuse staining was found in the stroma of control specimens.
The stroma of four PPCD patients was positive in its posterior part
(1/10–1/3) (P4, P5, P7, P9). The other four PPCD patients were
diffusely positive in the stroma without any gradient (P1, P2, P8,
P10).
Mild to intense positivity was detected for the a6 collagen IV
chain in the BME in each control cornea and weaker positivity in
the BME was observed in the PPCD specimens. The stroma and DM
showed a very similar staining pattern for the a6 chain in control
and PPCD corneas; the stroma was negative and DM showed only
mild positivity.
None of the tested collagen IV chains was detected in epithelial,
stromal or endothelial cells.
3.3. Enzymatic indirect immunohistochemistry of collagen VIII
The a1 collagen VIII chain was not detected in the BME or the
stroma of any specimen, except for three pathological specimens
(Table 3; P4, P5RE, P7) in which staining was found in the fibrous
pannus (P5RE) and in the posterior part of the stroma (P4, P7). The
a1 chain was present in the stroma of the limbus and the
conjunctiva of all control specimens (data not shown). In all control
specimens the a1 (VIII) chain was localized on the stromal side of
DM (Fig. 2) and in four cases (Co3, Co5, Co7, Co8) on the endothelial
side as well. DM of all patients showed mild to intense positivity on
Fig. 1. The immunohistochemical localization of the a1 and a2 collagen IV chains in the control corneas and corneas obtained from PPCD patients. Scale bar represents 10 mm. Ep –
epithelium, Bw – Bowman’s layer, Sa – anterior part of the stroma, Sp – posterior part of the stroma, DM – Descemet’s membrane, En – endothelium. ——— line represents a part of
the corneas which are not included in the figure.
S. Merjava et al. / Experimental Eye Research 88 (2009) 945–952948
the stromal (P4) or on both the endothelial and the stromal sides of
DM (P1–P3, P5–P10) (Fig. 2).
The a2 collagen VIII chain was detected in the stroma and DM of
all control specimens. The staining in DM was localized mainly on
the stromal side, but a vertically striated pattern was present in 63%
of control corneas (Table 4; Co1, Co3, Co5, Co6, Co8) (Fig. 3). Very
strong positivity was observed in the endothelial cells of most
control specimens. In PPCD corneas, the a2 (VIII) chain was present
in 83% on the stromal and 67% on the endothelial side of DM, Table
4. The vertical staining pattern of DM was observed occasionally in
33% of PPCD corneas (P4, P5, P6RE). A double positive line (P2, P8)
and an intensively positive PCL (P2, P5LE, P8, P10) in the DM of
PPCD corneas were detected (Fig. 3). The staining of endothelial
cells in the PPCD corneas was weaker compared to control endo-
thelium. Epithelial-like cells were less positive than other cells with
an endothelial phenotype in PPCD patients.
Subepithelial fibrous pannus, found in three pathological
corneas (Table 3; P4, P5 RE, P7), revealed positivity for the a1–a3
and a5 collagen IV chains (Table 2; P4, P7) (Fig. 4a, b) and the a1
collagen VIII chain (Table 3; P4, P5 RE, P7) (Fig. 4c). No differences
between control and PPCD corneas were detected in Bowman’s
layer.
4. Discussion
Morphological as well as functional changes in the posterior
part of corneas is the main feature of PPCD corneas (Boruchoff and
Kuwabara, 1971; Hogan and Bietti, 1969; Jirsova et al., 2007;
Rodrigues et al., 1980). Herein we describe not only alterations of
the endothelium and DM, but also changes in the composition of
the BME and the anterior stroma of PPCD corneas. The most striking
difference identified was the presence of the a1 and a2 collagen IV
chains in the BME and the posterior part of the stroma in PPCD
corneas, whereas no positive staining was seen in normal tissue.
Interestingly, the positivity for the a1 collagen IV chain was not
detected in the BME in our preliminary study, in which the pres-
ence of the a1 and a2 collagen IV chains was assessed by means of
standard fluorescent immunohistochemistry in seven PPCD
corneas (Merjava et al., 2008). Enzyme immunohistochemistry,
as used in this study, has therefore been shown to be a more
appropriate method. Additionally, this approach allows a more
detailed morphological assessment compared to fluorescent
immunohistochemistry.
More intensive staining for a1 and a2 collagen IV chains and
their localization on the endothelial side of DM were further
observed in diseased corneas compared to their presence mostly on
the stromal part of DM in control specimens. The changes in the
composition of this DM part (PNBZ), formed after birth, may reflect
the abnormal secretion of pathological PPCD endothelium. Because
the localization of the a1 (IV) and a2 (IV) chains in cornea is nor-
mally restricted to the BM of the limbus and conjunctiva (Kabosova
et al., 2007), i.e. areas with cells showing marked proliferative
activity, their occurrence on the endothelial side of DM in PPCD
patients may play a role in stimulating the proliferative activity of
the aberrant endothelium. Changes in BM composition may further
lead to alterations in cytokeratin expression in adjacent cells
(Kurpakus et al., 1992). We could not detect any correlation
between the increased expression of collagen IV or VIII chains and
the expression of different cytokeratins in the pathological endo-
thelium as reported in our previous study (Jirsova et al., 2007).
Similarly, the thickness of the PCL did not depend on either
abnormal cytokeratin expression or on the patient’s age. The
thickest PCL was observed in patients P8, aged 21 years, and P2,
who was 71 years old. An increased thickness of DM with age was
Table 3
The immunohistochemical localization of the a1 collagen VIII chain in the control corneas and corneas obtained from PPCD patients.
Controls/patients Co1 Co2 Co3 Co4 Co5 Co6 Co7 Co8 P1 P2 P3 P4 P5 RE P5 LE P6 RE P6 LE P7 P8 P9 P10
a1 (VIII) BME                    
S            þþþa a    þa   
DM/s þþþ þþþ þþ þþþ þþ þþ þþ þþ þ þþþ þþþ þþþ þþþ þþþ þþ þþ þþþ þþ þþ þ
DM/e   þþ  þþ  þþ þþ þ þþþ þþþ  þþþ þþþ þþ þþ þþþ þþ þþ þ
The positivity in the basal membrane of the epithelium (BME), stroma (S), stromal side of Descemet’s membrane (DM/s) and endothelial side of Descemet’s membrane (DM/e)
in the control corneas (Co) and corneas obtained from PPCD patients (P). A scale for the intensity of the signal:, negative;þ, mild;þþ, moderate; andþþþ, intense positivity.
RE, right eye; LE, left eye.
a Staining in fibrous pannus.
Fig. 2. The immunohistochemical localization of the a1 collagen VIII chain in control corneas and corneas obtained from PPCD patients. Scale bar represents 10 mm. Ep – epithelium,
Bw – Bowman’s layer, Sa – anterior part of the stroma, Sp – posterior part of the stroma, DM – Descemet’s membrane, En – endothelium. ——— line represents a part of the corneas
which are not included in the figure.
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observed in both control and PPCD corneas. Although the first
attack leading to the alteration of the endothelial phenotype in
PPCD has not been characterized yet, the modification in DM
composition may enhance these changes.
An accumulation of a1 and a2 and a loss of a3 and a5 collagen IV
chains in the BME of patients with keratoconus and an accumula-
tion of the a1 and a2 chains in DM in patients with bullous ker-
atopathy have been previously described (Deng et al., 2001; Kenney
et al., 1997; Ljubimov et al., 1996; Tuori et al., 1997). In our study the
level of the a1–a3 and a5 collagen IV chains in the BME and in DM
in the three PPCD patients with a keratoconus pattern on video-
keratography (Table 1, P4, P6, P7) and in three patients with bullous
keratopathy (P5–P7) did not markedly differ from the level in other
PPCD patients, suggesting that a different mechanism underlies the
origin of the changes in collagen IV expression in these patients.
No ectopic expression of the a3 collagen IV chain in pathological
endothelium was found in our patient with a known disease-
causing mutation in the ZEB1 gene (Liskova et al., 2007), which is
contrary to the results obtained previously in one patient as well as
in the abnormal endothelium of ZEB1 null mice (Krafchak et al.,
2005; Liu et al., 2008). An explanation could lie in the different
expression patterns of these cells at various stages of the disease.
In this study an accumulation of the a1 (IV) and a2 (IV) chains as
well as the a1 (VIII) and a2 (VIII) chains was observed in PCL, which
is a common feature of PPCD corneas (Waring, 1982). However,
besides a single mutation in COL8A2 in two PPCD patients (Biswas
et al., 2001), other studies failed to identify disease-causing
changes in PPCD patients in the COL8A1 or COL8A2 genes (Liskova
et al., 2007; Urquhart et al., 2006; Yellore et al., 2005). Our cases are
not expected to show pathogenic mutations in the COL8A2 gene
responsible for PPCD2 either. All but P4 show a linkage to the
PPCD1 locus on chromosome 20p11.2 (unpublished data). P4 was
screened for changes in the coding sequences of all three genes
currently known to be implicated in PPCD, and a disease-causing
mutation was found in ZEB1 (Liskova et al., 2007).
In COL8A1//COL8A2/ null mice a markedly thinner DM
lacking the ABZ was observed together with low density, poly-
megathism and polymorphism of the endothelium (Hopfer et al.,
2005). Changes in the localization and distribution of collagen VIII
were previously detected in patients with Fuchs’ endothelial
corneal dystrophy, both with and without disease-causing muta-
tions in the COL8A2 gene (Gottsch et al., 2005). We have observed
a vertically striated pattern of DM in most of the control corneas
and occasionally in pathological ones, contrary to the results of
Gottsch et al. (2005), who found a striated pattern of DM in path-
ological but not control specimens. As collagen VIII is expressed in
rapidly proliferating cells such as different tumor cells and endo-
thelial cells during angiogenesis (Paulus et al., 1991; Sage and
Iruela-Arispe, 1990), it may be that the proliferation of endothelial
cells of PPCD patients is induced by the collagen VIII deposited in
the PCL. Finally, we detected the presence of the a1 collagen VIII
chain in the posterior stroma of two patients with PPCD (P4, P7).
Interestingly, the localization of this positivity colocalized with the
a1–a5 collagen IV chains.
We have detected fibrous pannus positive for the a1–a3 and a5
collagen IV chains and the a1 collagen VIII chain. Besides collagens
IV and VIII, laminin and tenascin were detected in subepithelial
fibrosis areas of patients with bullous keratopathy (Ljubimov et al.,
1996). We hypothesize that this structure, first described in PPCD
by Grayson (Grayson, 1974), is formed secondarily as a consequence
of bullous keratopathy, which was, in our study, clinically
confirmed in two cases out of three with this abnormal layer.
Opacity under the epithelium observable on slit-lamp examination
was noted in the patient providing the third specimen (P4). In our
opinion, fibrous pannus formation reflects secondary changes as
a reaction to the compromised function of the endothelium.
In conclusion we suggest that changes in collagens IV and VIII
chains in PPCD corneas may contribute to the morphological
changes in the abnormal endothelium as well as to the stimulation
of its proliferative capacity.
Table 4
The immunohistochemical localization of the a2 collagen VIII chain in the control corneas and corneas obtained from PPCD patients.
Controls/patients Co1 Co2 Co3 Co4 Co5 Co6 Co7 Co8 P1 P2 P3 P4 P5 RE P5 LE P6 RE P6 LE P7 P8 P9 P10
a2 (VIII) S þþ þþ þþ þ  þ þ þ þ þþ þ þ þþ  þþ þ   þ 
DM/s þþ þþ þþ þþþ þþ þþ   þ þþ þþ þ þ  þ þ þ þ þ 
DM/e         þ þþa þþ   þþa  þ þþ a þ þþþa
END þþþ þþþ þþþ þþ  þþþ þþþ  þþ þþ þþþ þþ þþ  þþ  þþ þ  
The positivity in the stroma (S), stromal side of Descemet’s membrane (DM/s), endothelial side of Descemet’s membrane (DM/e) and endothelium (END) in the control corneas
(Co) and corneas obtained from PPCD patients (P). A scale for the intensity of the signal: , negative; , occasional positivity; þ, mild; þþ, moderate; and þþþ, intense
positivity. RE, right eye; LE, left eye.
a Occurrence of positive PCL.
Fig. 3. The immunohistochemical localization of the a2 collagen VIII chain in control cornea and cornea obtained from PPCD patient. Scale bar represents 10 mm. S – stroma, DM –
Descemet’s membrane, PCL – posterior collagenous layer, En – endothelium, VSP – vertically striated pattern.
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Abstract 
Posterior polymorphous corneal dystrophy (PPCD) is a rare, bilateral autosomal dominant 
disorder affecting primarily the corneal endothelium and Descemet membrane (DM). The aim of this 
study was to establish the origin of the abnormal endothelium in a patient with PPCD exhibiting cornea 
graft failure after keratoplasty surgery.  
A sex-mismatched graft obtained from a patient with PPCD who underwent repeat penetrating 
keratoplasty and the patient’s original cornea were investigated. Combined fluorescent 
immunohistochemistry for cytokeratin (CK) 19 (a marker of aberrant PPCD endothelium) with 
fluorescence in situ hybridization (FISH) of the sex chromosomes were used in order to characterize the 
cells on the posterior graft surface.  
The pathological endothelium of the failed PPCD cornea revealed strong positivity for CK19 
using fluorescent immunohistochemistry. In all the CK19-positive cells, both X and Y chromosomes were 
simultaneously detected using FISH. The results clearly showed that the original cells of the patient (XY) 
have, within 3.5 years, almost totally overgrown the posterior corneal surface of the graft (XX). 
Moreover, an abnormal posterior collagenous layer populated by fibroblast-like cells was observed 
between DM and the endothelium in the failed graft, but its exact origin could not been established due 
to the low number of cells.  
Simultaneous detection of CK19 using fluorescent immunohistochemistry together with the 
detection of gonosomes using FISH was performed for the first time in the cornea and allowed us to 
prove that the recurrence of PPCD was caused by the pathological abnormal proliferation and migration 
of the recipient cells into the donor graft.  
 
Keywords: immunohistochemistry; fluorescence in situ hybridization; posterior polymorphous corneal 
dystrophy; recurrence  
 
S. Merjava  __       ___               Doctoral Thesis 
 
 
Introduction 
Posterior polymorphous corneal dystrophy (PPCD) is a very rare, bilateral autosomal dominant 
disorder affecting primarily the innermost corneal layers, the Descemet membrane (DM) and the 
endothelium, biomicroscopically presenting as geographical lesions, bands and vesicles (Hogan and 
Bietti 1969; Jirsova et al. 2009; Krachmer 1985). Moreover, changes in the posterior stroma and basal 
membrane of the epithelium were also described in some patients (Merjava et al. 2009). Proliferating 
epithelial-like endothelial cells with prominent microvilli, abundant keratofibrils, desmosomes and 
sparse microorganelles (all characteristics of epithelial cells) are the most common findings in PPCD 
corneas (Boruchoff and Kuwabara 1971; Feil et al. 1997; Krachmer 1985; Matsumoto et al. 1988; 
Richardson and Hettinger 1985; Rodrigues et al. 1981). Epithelization was also confirmed by the 
detection of cytokeratins (CKs), typical epithelial proteins (Jirsova et al. 2007; Rodrigues et al. 1980). 
PPCD is genetically heterogeneous. So far it has been associated with three known genes (Biswas et al. 
2001; Heon et al. 2002; Krafchak et al. 2005; Liskova et al. 2007), and evidence has been presented that 
there is another, as-yet unidentified gene causing this disorder located at locus 20p11.2 (Gwilliam et al. 
2005). Despite the identification of some disease-causing genes, the exact mechanisms leading to the 
development of PPCD have not been elucidated. 
The disease has been reported to be static or slowly progressive in most subjects, but 
occasionally there may be a rapid progression resulting in severe visual impairment from secondary 
glaucoma or corneal edema, necessitating corneal graft surgery (Krachmer 1985; Weisenthal and 
Krachmer 1988). The first clinical description of PPCD recurrence after penetrating keratoplasty (PK) was 
provided by Krachmer (Krachmer 1985). Boruchoff et al. (1990) documented recurrence in an explanted 
corneal button using light microscopy and histological examination. Sekundo et al. (1994) showed the 
presence of an epithelium-like endothelium on the posterior surface of three other grafted PPCD 
specimens using light and electron microscopy. It was suggested that these abnormal cells were host in 
origin and that they had overgrown onto the donor posterior corneal surface (Boruchoff et al. 1990; 
Sekundo et al. 1994). However, no direct proof supporting this theory was provided. In order to 
determine the exact origin of these pathological cells, we have examined a sex-mismatched corneal 
button explanted from a PPCD patient by a combination of indirect fluorescent immunohistochemistry 
for CK19 (a marker of aberrant endothelium) and fluorescence in situ hybridization (FISH) of gonosomes. 
This combined immunophenotyping together with cytogenetic analysis by FISH was described as the 
method of choice for the assessment of chimerism in a particular cell type after bone marrow sex-
mismatched transplantations (Hessel et al. 1996; Trotman et al. 2004), but was not tested in the human 
cornea up to now. 
 
Materials and methods  
The study followed the ethical standards of the Ethics Committee of the General Teaching 
Hospital and Charles University, Prague, and adhered to the tenets set out in the Declaration of Helsinki. 
Informed consent was obtained from the patient prior to the start of the study. 
 
Specimens 
During the last decade, a Czech patient with PPCD was grafted repeatedly in his left eye. The 
diagnosis of PPCD in this patient was based on family history, clinical examination and, prior to the first 
PK, a detailed ophthalmological examination including gonioscopy, intraocular pressure measurement 
and specular microscopy. The original cornea obtained from this patient after his first PK revealed a 
stratified corneal endothelium with 1-5 layers, expressing a wide range of cytokeratins and changes in 
the localization of collagens IV and VIII, confirming the diagnosis (Jirsova et al. 2007; Merjava et al. 
2009). The patient’s family originated from the same geographical region within the Czech Republic and 
shared part of the same haplotype (unpublished data) as two families previously mapped to 20p11.2.  
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Two corneal buttons (both 7.0 mm in diameter) obtained from this patient were used in this 
study. The original cornea was removed from the left eye at the age of 41 years; 3.5 years later a repeat 
PK in the same eye was performed for corneal graft failure. The donor cornea used for the first PK was 
sex-mismatched (gender of the patient was male whereas the donor was a 60-year-old female). The 
donor cornea was obtained from the Ocular Tissue Bank, General Teaching Hospital, Prague. The time 
from death to preservation was 10 hours, followed by 18 days preservation in tissue culture medium. 
Endothelial cell density prior to grafting was 2435 cells/mm
2
. 
Two cadaverous corneo-scleral discs without any ocular pathology (male and female, aged 49 
and 61, respectively), not acceptable for transplantation because of low endothelial density (but not 
under 1000 cells/mm
2
), were obtained from the Ocular Tissue Bank and used as controls.  
Both pathological buttons (the original cornea and the failed graft) were immediately dissected 
into four parts after surgery,; snap frozen in liquid nitrogen, embedded in Optimal Cutting Temperature 
Compound and stored at -70°C. The same procedure was used for the control corneas. The time 
between death and the preparation of cryospecimens did not exceed 24 hours. Tissues were 
cryosectioned radially at a thickness of 7 μm, and three sections were mounted per slide (Superfrost 
Plus, Menzel GmbH & Co KG, Germany).  
 
Histological evaluation 
All pathological as well as control cryosections were stained with haematoxylin and eosin for 
morphological assessment by light microscopy. The thickness of DM was measured three times in each 
specimen (the average was calculated) using a NIS Elements image analysis system (Laboratory Imaging, 
Prague, Czech Republic). 
 
Indirect fluorescent immunohistochemistry  
Slices obtained from the two controls, the original cornea and the failed corneal graft of the 
PPCD patient were used in each experiment. Two cryosections on each slide were stained with primary 
antibodies. The third section was used as a negative control (primary antibody omitted). Three 
independent experiments were performed. The tissue was fixed with cold acetone for 10 minutes and 
rinsed in phosphate buffered saline (PBS). After washing, the slices were exposed to a blocking solution 
with 2.5% bovine serum albumin (BSA) in PBS for 20 minutes, and then incubated with the primary 
antibodies diluted in PBS containing 1% BSA for 1 hour at room temperature. Mouse monoclonal 
antibodies against CK7 (1:50) and CK19 (1:50) (DakoCytomation, Glostrup, Denmark) were used. The 
specimens were then washed three times with PBS and incubated with the secondary antibody 
(fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG, Jackson ImmunoResearch Laboratories, 
West Grove, USA) for 1 hour at room temperature. After rinsing in PBS the slices were mounted with 
Vectashield-propidium iodide (PI), (Vector Laboratories, Inc. Burlingame, USA) to counterstain the DNA 
within the nuclei.  
 
Evaluation of indirect fluorescent immunohistochemistry 
The specimens were examined using an Olympus BX51 microscope (Olympus Co., Tokyo, 
Japan) at a magnification of 200 – 1000x. Images were taken using a Vosskühler VDS CCD-1300 camera 
(VDS Vosskühler GmbH, Osnabrück, Germany) and JENOPTIK ProgRes C12plus (Jenoptik, Laser Optik 
Systeme GmbH, Jena, Germany). At least three hundred epithelial cells per section (600/slide) and one 
hundred endothelial cells per section (200/slide), directly connected to DM, were examined, and the 
percentage of CK7 and CK19-positive cells was calculated.  
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FISH analysis of the sex chromosomes 
The detection of gonosomes using FISH was performed immediately after staining with CK19 so 
that the presence of individual X or Y chromosomes in cells that were stained with the anti-CK19 
antibody as well as in unstained cells could be evaluated simultaneously.  
After immunohistochemistry, slices for FISH evaluation were mounted with Vectashield-
medium for fluorescence (Vector Laboratories, Inc. Burlingame, USA), and the fluorescent signal for 
CK19 was quickly confirmed microscopically before the next FISH procedure was performed. 
Immediately after that the slides were rinsed in 2xSSC (standard saline citrate) for 10 minutes until the 
coverslips and mounting medium released spontaneously. The samples were fixed in a 3:1 
methanol/acetic acid solution at room temperature for 10 minutes and then dehydrated through 
increasing ethanol grades (70, 85 and 96%), 2 minutes for each. For the detection of gonosomes, 
directly labeled VYSIS DNA probes CEP X (DXZ1) Spectrum Aqua Probe and CEP Y (DYZ3) Spectrum 
Orange Probe (both from Abbott, Des Plaines, IL, USA) were used. The CEP X (α satellite) DNA probe 
hybridizes to the centromere of human chromosome X (band region Xp11.1 – q11.1, locus DXZ1) and 
the CEP Y (α satellite) DNA probe hybridizes to the centromere of human chromosome Y (band region 
Yp11.1 – q11.1, locus DYZ3). Ten μl of the DNA probe mixture (buffer + distilled water + X/Y DNA probe) 
was placed on each slide. Subsequently, the slides were covered with coverslips and sealed with rubber 
cement. The reaction was run on a Thermobrite (Abbott Molecular, Des Plaines, IL, USA). The protocol 
consisted of denaturation of the target and probe simultaneously for 2 minutes at 73°C. Hybridization 
was done at 42°C overnight. Then the slides were washed at 73°C in 0.4x SSC/0.3% Nonident-P40 (NP-
40), pH 7.0 for 2 minutes followed by washing in 2x SSC/0.1% NP-40, pH 7.0 for 1 minute at room 
temperature. After dehydration in increasing ethanol grades (70, 85, 96% - each for 2 minutes), the 
samples were allowed to air-dry and the cell nuclei were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI), (Vectashield). 
 
Evaluation of combined immunohistochemical and FISH signals 
The specimens were examined using a Zeiss AX10 Imager Z1 microscope (Carl Zeiss GmbH, 
Jena, Germany) at a magnification of 230 – 600x. Images were taken using a CCD ProgRes MF camera 
(Jenoptik, Laser Optik Systeme GmbH, Jena, Germany) and Isis MetaSystem photo software 
(MetaSystem, Altlussheim, Germany). A quadrate bandpass DAPI/FITC/ORANGE/AQUA filter 
(360/490/560/426 nm) was used to view all four fluorescent signals. The examinations were performed 
by two different researchers (blinded slides), and the results were compared and summarized. Six cross-
sections from the pathological and control corneal buttons were used for cell counting. At least 100 cells 
of the corneal epithelium and stroma and at least 300 endothelial cells were examined altogether (in 
actuality, each endothelial cell was evaluated).  
First, the green fluorescent signal of CK19 staining was assessed in all single cells, particularly in 
the endothelium. Then the cell nuclei (with a clearly visible nuclear edge) were identified as being male- 
or female-derived, and five independent categories for gender evaluation were established as follows: 1 
- cell nuclei without a signal (excluded from the results), 2 - one orange signal in the cell nucleus (Y, 
male), 3 - one aqua signal (X, excluded from the results), 4 - both X and Y signals within one cell nucleus 
(male), 5 - two aqua signals within one cell (female). This categorization allowed us to assess only cells 
with a clearly discernable sex, excluding cells, for example, in which only one X chromosome was 
detected or both chromosomes were not present in the sample due to cryosectioning.  
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Results 
Histology 
 No differences were observed in the corneal epithelium, Bowman layer or the stroma among 
the control, original and failed PPCD samples using haematoxilin and eosin staining. The mean thickness 
of DM in the control specimens was 11.0 ± 2.4 μm (range from 8.0 to 14.4 μm); the thickness of DM 
measured in the original PPCD specimen was 9.8 ± 1.1 μm and in the failed graft 9.4 ± 1.1 μm. An 
abnormal posterior collagenous layer (PCL), populated by cells with a fibroblast-like characteristic shape, 
was observed between DM and the endothelium on the periphery of the failed graft, while no PCL was 
observed in the original PPCD cornea. The thickness of this abnormal PCL varied from 7.6 to 26.7 μm. 
The endothelium of all control specimens was formed of one layer of flat cells adjoined to DM. The PPCD 
endothelium of both the original cornea as well as the failed graft consisted predominantly of one or 
two cell layers, but areas with up to three cell layers were also observed (Fig. 1, panels on the left side). 
 
Detection of CK7  
 CK7 was completely negative in both control samples (male and female). Moreover, no signal 
was present in the epithelial cells of the original corneal explant or in the failed corneal graft of the 
PPCD patient. Eighty and almost 50% of the abnormal endothelial cells revealed CK7-positivity in the 
native original cornea and the failed corneal graft, respectively.  
 
 Detection of CK19  
CK19 was detected only in the epithelial cells of the healthy control male and female corneas, 
where heterogeneous positivity was detected in approximately 50% of the cells in all epithelial layers. 
No CK19 staining was detected in the stroma or in the endothelial cells of either control cornea (Fig. 1, 
A’). Heterogeneous positivity for CK19 was observed in almost 30% of the epithelial cells of the original 
corneal explant as well as in the failed corneal graft; no signal was present in the stroma. Forty-five and 
almost 100% of the endothelial cells revealed an intense positivity in the native original cornea and the 
failed corneal graft, respectively (Fig. 1, B’, C’). No signal for CK19 was seen in any of the fibroblast-like 
cells within the abnormal PCL (Fig. 1, C’) or in the negative control stainings. 
 
Fig. 1 Morphology of the posterior corneal layers of the control (A, A’), original (B, B’) and failed cornea (C, C’) 
obtained from a patient with posterior polymorphous corneal dystrophy. An abnormal posterior collagenous layer 
(PCL) with scattered cells of fibroblast-like shape (FC) was detected between Descemet membrane (DM) and the 
endothelium only in the failed graft (C, C’). Panels on the left side are after haematoxilin and eosin staining. Panels 
on the right side are after fluorescent immunohistochemistry and show a green fluorescent signal for CK19 (FITC) if 
present. Nuclei were counterstained with propidium iodide (PI, red). Scale bar represents 10 μm 
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Detection of X and Y chromosomes  
All corneal layers (epithelium, stroma, endothelium) of the control male cornea revealed signals 
for both X and Y chromosomes. The control female cornea revealed two X signals in all layers (Fig. 2).  
 
Fig. 2 Combined detection of cytokeratin 19 (green, FITC) with X (blue, AQUA) and Y (red, ORANGE) chromosomes in 
the control corneas. XY chromosomes were detected in the male corneal epithelium and endothelium. Two X 
chromosomes were detected in the female corneal epithelium and endothelium. Nuclei were counterstained with 
DAPI (violet). Scale bar represents 10 μm 
 
Both X and Y chromosomes were clearly detectable in the epithelial, stromal and endothelial 
cells of the original cornea from our patient with PPCD. In the failed corneal graft, an almost total 
replacement of the female donor cells (XX) by recipient cells (XY) was observed in the epithelium, while 
99% of stromal keratocytes were female in origin (XX), (Fig. 3, A, B). Altogether, 558 endothelial cells 
were evaluated in the failed corneal graft. In 159 of endothelial cells both X and Y chromosomes were 
detected (Fig. 3, C1-C3). Only in two endothelial cells of the failed cornea, located in the immediate 
vicinity of DM, were two X chromosomes detected. These cells exhibited endothelial morphology more 
than an epithelial-like phenotype. They were flat with elongated cell nuclei, and only these two cells 
revealed no CK19 staining (Fig. 3, C4). No signal for gonosomes was detected in 178 cells, and therefore 
it was impossible to decide if these cells were male- or female-derived. The same situation arose in a 
further 110 cells, in which only one X chromosome was detected. These cells were also excluded from 
the final calculations. In the remaining 109 cells only one Y chromosome was detected within the cell 
nucleus, suggesting that these cells were of male origin. The assessment of the endothelial cells in the 
failed corneal graft clearly showed that almost all the endothelial cells of the graft were host in origin 
(Tab. 1). On the other hand, we were unable to confirm the origin of the cells in the PCL, as in five cells 
only one X chromosome was observed, in one cell only one Y chromosome was detected and one cell 
was without gonosomes. 
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Fig. 3 Combination of fluorescent immunohistochemistry and fluorescence in situ hybridization of the X and Y 
chromosomes in a failed sex-mismatched corneal graft showing the recurrence of PPCD at the cellular-
ultrastructural level. Corneal epithelial cells were positive for cytokeratin 19 (CK19 - green, FITC), and both X (blue, 
AQUA) and Y (red, ORANGE) chromosomes were detected in these cells (A). The stroma revealed two X signals (B). 
In pathological CK19-positive endothelial cells, both X and Y chromosomes were detected (C1-C3). In a CK19-
negative endothelial cell, two X (blue, AQUA) chromosomes within one nucleus were detected (C4). This cell was 
located in the immediate vicinity of Descemet membrane (DM) and was surrounded by CK19-positive aberrant 
epithelial-like cells (*). Nuclei were counterstained with DAPI (violet). Scale bar represents 10 μm 
 
 
Table 1 Endothelial cells found on the posterior surface of a sex-mismatched cornea graft obtained from a PPCD 
patient and their characteristics as detected using FISH and immunohistochemistry. Cells were divided into five 
categories based on their gender evaluation and positivity or negativity for cytokeratin 19 (CK19). To obtain the final 
results, only cells in categories 2, 4 and 5 were included. 
category FISH results 
number of endothelial 
cells CK19 expression 
1 0 - no signal 178 positive 
2 Y - one orange signal 109 positive 
3 X - one aqua signal 110 positive 
4 XY - one orange and one aqua signal 159 positive 
5 XX - two aqua signals 2 negative 
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Discussion 
Combined immunohistochemistry together with FISH is commonly used for the simultaneous 
detection of immunophenotypic markers and cytogenetic aberrations present in tumor cells, as well as 
for the assessment of chimerism in a particular cell type after bone marrow sex-mismatched 
transplantations (Bzorek et al. 2008; Cook et al. 2006; Hessel et al. 1996; Nolte et al. 1996; Siebert and 
Weber-Matthiesen 1997; Trotman et al. 2004). A few problems may arise if the combination of these 
two methods is used. Fixation, protein digestion pretreatment and the working temperatures required 
for the FISH procedure significantly limit the ability to detect antigens by immunohistochemistry 
(Trotman et al. 2004). In our study, this particular combination of both methods has been performed in 
the human cornea for the first time.  
Identification of individual donor and host endothelial cells in sex-mismatched corneal grafts 
using FISH analysis of the gonosomes has only been introduced within the past decade, and relatively 
very few studies have been performed so far (Lagali et al. 2009; Lagali et al. 2010; Macdonald et al. 
2010; Wollensak and Green 1999). The migration of host endothelial cells to the donor’s endothelium 
after grafting has been described; however, as it exhibits a highly variable pattern (Lagali et al. 2009; 
Lagali et al. 2010; Macdonald et al. 2010; Wollensak and Green 1999), we considered it important to use 
a more reliable marker than just the identification of the sex chromosomes in order to determine the 
origin and the proportion of pathological cells in the graft. From a broad spectrum of CKs found in PPCD 
but not in normal endothelium, we have chosen CK19 because of its strong expression in almost all 
aberrant PPCD endothelial cells (Jirsova et al. 2007). In order to detect the X and Y chromosomes in 
already immunohistochemically stained corneal cells from a patient with PPCD and to simultaneously 
evaluate all signals within one cell, we had to modify the recently published protocols (Donadoni et al. 
2004; Hessel et al. 1996; Trotman et al. 2004). This approach allowed us to clearly determine whether 
the pathological endothelial cells originated from the recipient or whether donor cells had undergone 
metaplasia.  
On the basis of morphology it has been suggested that PPCD recurrence is caused by the 
migration of the host endothelium (Sekundo et al. 1994), but no proof has so far been provided for this 
hypothesis, thus the possibility remained that the donor endothelium undergoes metaplasia triggered 
by unknown factors. As almost all of the assessed immunohistochemicaly stained CK19-positive cells had 
Y or XY chromosomes, we have concluded that they must be of host origin and that the recurrence of 
the pathology was the result of the overgrowth of pathological host endothelial cells over the posterior 
part of the donor graft. Three and a half years after grafting, we have detected only two endothelial 
cells those were clearly of donor origin; both were CK19-negative. Thus the proportion of surviving 
donor endothelial cells in the PPCD graft was less than 1%. It was postulated earlier that after 
keratoplasty of PPCD patients, the healthy donor endothelium could be destroyed by proliferating and 
migrating host epithelial-like endothelial cells or could be eliminated by immunological mechanisms and 
then repopulated by the host cells (Boruchoff et al. 1990; Sekundo et al. 1994). We suggest that in our 
case the major factor contributing to the almost total lack of donor endothelial cells in the graft was the 
presence of host epithelial-like PPCD cells migrating from the periphery of the recipient’s cornea. 
Although we have not observed clinically any signs of immune-mediated corneal graft rejection, it can 
not be excluded that immunological mechanisms also contributed to the destruction of the donor 
endothelium (Bourne 2001; Malik et al. 1968).  
Similarly to our results, Sekundo et al. (1994) detected a fibrocellular PCL at the periphery of a 
failed transplant from a PPCD patient. It was postulated previously that this fibrous layer contains 
fibroblasts and is formed by aberrant epithelial-like cells (Boruchoff et al. 1990; Sekundo et al. 1994). In 
our study we were unable to determine the origin of the cells in the PCL. Therefore, we can not exclude 
the possibility that ingrowing host keratocytes produced this layer together with the aberrant host 
endothelium.  
S. Merjava  __       ___               Doctoral Thesis 
 
 
To eliminate epithelial downgrowth over the host endothelium, which is a very rare event, as a 
possible explanation for our findings, we investigated the expression of CK7, which is not present in the 
corneal epithelium (Moroi et al. 2003; Feder and Krachmer 1985), in both of our pathological specimens. 
The presence of CK7 in about 50% of abnormal endothelial cells in the failed corneal graft indicates that 
no epithelial downgrowth occurred in our case.  
Despite the high mitotic potential of the diseased endothelium in PPCD, there are only a few 
reports about the recurrence of this disorder. So far 12 cases with recurrence have been clearly 
documented in the literature, of which only three were examined by light and electron microscopy 
(Boruchoff et al. 1990; Krachmer 1985; Sekundo et al. 1994). Corneal tissue has been collected so far 
from 16 Czech PPCD patients, and four of them underwent repeat keratoplasty; however, only one 
received a sex-mismatched donor cornea. The combination of fluorescent immunohistochemical 
staining with FISH allowed us to show that in the PPCD case presented here, the proliferation and 
migration of the original pathological endothelium from the host periphery into the donor graft may 
have significantly contributed to corneal graft failure. We succeeded in combining and standardizing 
both methods so that this combined technique can now become a part of routine laboratory work, 
enlarging the possibilities of its usage in ophthalmology as well. 
 
Acknowledgments 
This work was supported by the research project of the Ministry of Education, Youth and Sports 
of the Czech Republic MSM0021620806, by Project 260501 from Charles University in Prague and by the 
grant from the Ministry of Health of the Czech Republic MZOVFN2005. 
 
References  
Biswas S, Munier FL, Yardley J, Hart-Holden N, Perveen R, Cousin P, Sutphin JE, Noble B, Batterbury M,  
Kielty C, Hackett A, Bonshek R, Ridgway A, McLeod D, Sheffield VC, Stone EM, Schorderet DF, Black GC 
(2001) Missense mutations in COL8A2, the gene encoding the alpha2 chain of type VIII collagen, cause 
two forms of corneal endothelial dystrophy. Hum Mol Genet 10:2415–2423 
Boruchoff SA, Kuwabara T (1971) Electron microscopy of posterior polymorphous degeneration. Am J Ophthalmol 
72:879–887 
Boruchoff SA, Weiner MJ, Albert DM (1990) Recurrence of posterior polymorphous corneal dystrophy after 
penetrating keratoplasty. Am J Ophthalmol 109:323–328 
Bourne WM (2001) Cellular changes in transplanted human corneas. Cornea 20:560–569 
Bzorek M Sr, Petersen BL, Hansen L (2008) Simultaneous phenotyping and genotyping (FICTION-methodology) on  
paraffin sections and cytologic specimens: a comparison of 2 different protocols. Appl Immunohistochem 
Mol Morphol 16:279-286 
Cook JR, Hartke M, Pettay J, Tubbs RR (2006) Fluorescence in situ hybridization analysis of immunoglobulin heavy  
chain translocations in plasma cell myeloma using intact paraffin sections and simultaneous CD138 
immunofluorescence. J Mol Diagn 8:459-465 
Donadoni C, Corti S, Locatelli F, Papadimitriou D, Guglieri M, Strazzer S, Bossolasco P, Salani S, Comi GP (2004) 
Improvement of combined FISH and immunofluorescence to trace the fate of somatic stem cells after 
transplantation. J Histochem Cytochem 52:1333–1339 
Feder RS, Krachmer JH (1985) The diagnosis of epithelial downgrowth after keratoplasty. Am J  
Ophthalmol 99:697–703 
Feil SH, Barraquer J, Howell DN, Green WR (1997) Extrusion of abnormal endothelium into the posterior corneal 
stroma in a patient with posterior polymorphous dystrophy. Cornea 16:439–446 
Gwilliam R, Liskova P, Filipec M, Kmoch S, Jirsova K, Huckle EJ, Stables CL, Bhattacharya SS, Hardcastle AJ, Deloukas 
P, Ebenezer ND (2005) Posterior polymorphous corneal dystrophy in Czech families maps to chromosome 
20 and excludes the VSX1 gene. Invest Ophthalmol Vis Sci 46:4480–4484 
Heon E, Greenberg A, Kopp KK, Rootman D, Vincent AL, Billingsley G, Priston M, Dorval KM, Chow RL, McInnes RR, 
Heathcote G, Westall C, Sutphin JE, Semina E, Bremner R, Stone EM (2002) VSX1: a gene for posterior 
polymorphous dystrophy and keratoconus. Hum Mol Genet 11:1029–1036 
S. Merjava  __       ___               Doctoral Thesis 
 
 
Hessel H, Mittermüller J, Zitzelsberger H, Weier HU, Bauchinger M (1996) Combined immunophenotyping and FISH 
with sex chromosome-specific DNA probes for the detection of chimerism in epidermal Langerhans cells 
after sex-mismatched bone marrow transplantation. Histochem Cell Biol 106:481-485 
Hogan MJ, Bietti G (1969) Hereditary deep dystrophy of the cornea (polymorphous). Trans Am Ophthalmol Soc 
67:235–264 
Jirsova K, Merjava S, Liskova P (2009) Posterior polymorphous corneal dystrophy: A review of current knowledge. 
In: Korhonen L, Laine E (ed) New Topics in Eye Research. Nova Science Publisher, New York, 49–74   
Jirsova K, Merjava S, Martincova R, Gwilliam R, Ebenezer ND, Liskova P, Filipec M (2007) Immunohistochemical 
characterization of cytokeratins in the abnormal corneal endothelium of posterior polymorphous corneal 
dystrophy patients. Exp Eye Res 84:680–686 
Krachmer JH (1985) Posterior polymorphous corneal dystrophy: a disease characterized by  
epithelial-like endothelial cells which influence management and prognosis. Trans Am Ophthalmol Soc 
83:413–475 
Krafchak CM, Pawar H, Moroi SE, Sugar A, Lichter PR, Mackey DA, Mian S, Nairus T, Elner V, Schteingart MT, Downs 
CA, Kijek TG, Johnson JM, Trager EH, Rozsa FW, Ali Mandal MN, Epstein MP, Vollrath D, Ayyagari R, 
Boehnke M, Richards JE (2005) Mutations in TCF8 cause posterior polymorphous corneal dystrophy and 
ectopic expression of COL4A3 by corneal endothelial cells. Am J Hum Genet 77:694–708 
Lagali N, Stenevi U, Claesson M, Fagerholm P, Hanson C, Weijdegard B (2009). Survival of donor-derived cells in 
human corneal transplants. Invest Ophthalmol Vis Sci 50:2673–2678 
Lagali N, Stenevi U, Claesson M, Fagerholm P, Hanson C, Weijdegård B, Strömbeck  
AS; Swedish Society of Corneal Surgeons (2010) Donor and recipient endothelial cell population of the 
transplanted human cornea: a two-dimensional imaging study. Invest Ophthalmol Vis Sci 51:1898–1904 
Liskova P, Tuft SJ, Gwilliam R, Ebenezer ND, Jirsova K, Prescott Q, Martincova R, Pretorius H, Sinclair N, Boase DL, 
Jeffrey MJ, Deloukas P, Hardcastle AJ, Filipec M, Bhattacharya SS (2007) Novel mutations in the ZEB1 gene 
identified in Czech and British patients with posterior polymorphous corneal dystrophy. Hum Mutat 
28:638 
Macdonald EC, Gregory ME, Lockington D, Kennedy A, Roberts F, Ramaesh K (2010) Observation of the in vivo 
movement of host keratocytes into donor tissue following corneal graft; a novel technique. Br J 
Ophthalmol 94:790–794 
Malik SR, Gupta AK, Sota LD (1968) Fate of endothelium in corneal homografts. An experimental study. Br J 
Ophthalmol 52:893–897 
Matsumoto K, Weber PA, Makley TA, Jr. (1988) Posterior polymorphous dystrophy--a histopathologic presentation. 
Ann Ophthalmol 20:388–390, 393 
Merjava S, Liskova P, Sado Y, Davis PF, Greenhill NS, Jirsova K (2009) Changes in the localization of collagens IV and 
VIII in corneas obtained from patients with posterior polymorphous corneal dystrophy. Exp Eye Res 
88:945–952 
Moroi SE, Gokhale PA, Schteingart MT, Sugar A, Downs CA, Shimizu S, Krafchak C, Fuse N, Elner SG, Elner VM, Flint 
A, Epstein MP, Boehnke M, Richards JE (2003) Clinicopathologic correlation and genetic analysis in a case 
of posterior polymorphous corneal dystrophy. Am J Ophthalmol 135:461–470 
Nolte M, Werner M, von Wasielewski R, Nietgen G, Wilkens L, Georgii A (1996) Detection of numerical karyotype 
changes in the giant cells of Hodgkin's lymphomas by a combination of FISH and immunohistochemistry 
applied to paraffin sections. Histochem Cell Biol 105:401-404 
Richardson WP, Hettinger ME (1985) Endothelial and epithelial-like cell formations in a case of posterior 
polymorphous dystrophy. Arch Ophthalmol 103:1520–1524 
Rodrigues MM, Newsome DA, Krachmer JH, Sun TT (1981) Posterior polymorphous dystrophy of the cornea: cell 
culture studies. Exp Eye Res 33:535–544 
Rodrigues MM, Sun TT, Krachmer J, Newsome D (1980) Epithelialization of the corneal endothelium in posterior 
polymorphous dystrophy. Invest Ophthalmol Vis Sci 19:832–835 
Sekundo W, Lee WR, Aitken DA, Kirkness CM (1994) Multirecurrence of corneal posterior polymorphous dystrophy. 
An ultrastructural study. Cornea 13:509–515 
Siebert R, Weber-Matthiesen K (1997) Fluorescence in situ hybridization as a diagnostic tool in malignant 
lymphomas. Histochem Cell Biol 108:391-402 
S. Merjava  __       ___               Doctoral Thesis 
 
 
Trotman W, Beckett T, Goncz KK, Beatty BG, Weiss DJ (2004) Dual Y chromosome painting and in situ cell-specific 
immunofluorescence staining in lung tissue: an improved method of identifying donor marrow cells in 
lung following bone marrow transplantation. Histochem Cell Biol 121:73-79 
Weisenthal RW, Krachmer JH (1988) Posterior polymorphous corneal dystrophy: ten years of progress. New York: 
Raven Press, 457–466.  
Wollensak G, Green WR (1999) Analysis of sex-mismatched human corneal transplants by fluorescence in situ 
hybridization of the sex-chromosomes. Exp Eye Res 68:341–346 
 
 
